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Abstract
Original and reproduced art are usually viewed under quite different viewing conditions.
One of the interesting differences in viewing condition is size difference. The main focus
of this research was investigation of the effect of image size on color perception of
rendered images. This research had several goals. The first goal was to develop an
experimental paradigm for measuring the effect of image size on color appearance. The
second goal was to identify the most affected image attributes for changes of image size.
The final goal was to design and evaluate algorithms to compensate for the change of
visual angle (size). To achieve the first goal, an exploratory experiment was performed
using a colorimetrically characterized digital projector and LCD. The projector and LCD
were light emitting devices and in this sense were similar soft-copy media. The physical
sizes of the reproduced images on the LCD and projector screen could be very different.
Additionally, one could benefit from flexibility of soft-copy reproduction devices such as
real-time image rendering, which is essential for adjustment experiments. The capability
of the experimental paradigm in revealing the change of appearance for a change of
visual angle (size) was demonstrated by conducting a paired-comparison experiment.
Through contrast matching experiments, achromatic and chromatic contrast and mean
luminance of an image were identified as the most affected attributes for changes of
image size. Measurement of the extent and trend of changes for each attribute were
measured using matching experiments. Proper algorithms to compensate for the image
size effect were design and evaluated. The correction algorithms were tested versus
traditional colorimetric image rendering using a paired-comparison technique. The
paired-comparison results confirmed superiority of the algorithms over the traditional
colorimetric image rendering for the size effect compensation.
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11 INTRODUCTION
An ideal system of image reproduction includes two main subsystems, devices and
software for data acquisition at the input side and devices and software for image display
at the output side. The fidelity of the overall systems depends on the performance of each
subsystem. Different techniques for spectral data acquisition have been developed and
image reproduction of cultural heritage based on spectral imaging techniques has been an
active research area in the last ten years [Berns 2005a, Berns 2005b, MCSL 2005]. The
next important step is to render images and display them on different media like CRT,
prints, and LCD displays. Since the reproduction images are usually viewed in a different
viewing condition than the original scene, an image appearance model is required to
account for these changes. In another approach, spectral color processing using an interim
connection space has been proposed by Rosen, et al. [Rosen 2003]. Rosen and coworkers
have also proposed useful investigating algorithms and a prototype data structure for
performing color management within spectral imaging [Rosen 2000]. The colorimetric
based Profile Connection Space (PCS) is not a suitable choice for rendering of spectral
images. One proposed solution is creating a spectral based PCS [Rosen 2000]. However,
in this approach the spatial and temporal aspects of color reproduction have not been
accounted for and an image color appearance model is required.
2Original and reproduced art are usually viewed under quite different viewing
conditions. Suppose that we are going to simulate on a computer display, the perception
of an observer at a museum looking at a large painting. When the observer is looking at
the painting at very close distance he/she is adapted to a different surround, and the
viewing condition is different from the case of looking at the painting from a far distance.
The lighting geometry and painting surround also have a great effect on perceived
appearance. Furthermore if the observer has been looking at a dark area and suddenly
moved to look at some bright area his/her adaptation state is different from the case
he/she has been already looking at in a bright area (adapted to bright light) and moved to
look at the bright part of the painting. Therefore if the simulation software is zooming in
to enlarge the image, it is also required to take into account the surround of that part of
image in the rendering process. More sophisticated software may also keep track of
previous locations that the observer has been looking at in order to calculate the temporal
adaptation state. An image color appearance model (iCAM) can serve the task of spatial
and temporal adaptation. The iCAM proposed by Johnson and Fairchild can be a suitable
choice for this task [Fairchild 2002, Fairchild 2003].
Many art objects have a size much larger than their reproductions, whether
displayed on a monitor or in print. The physical size or viewing angle of a stimulus is one
of several factors affecting color perception. Differences in size or viewing distance leads
to different surrounds and as shown by Bartleson and Breneman, the perceived contrasts
will be different [Bartleson 1967]. Furthermore, images with the same content but
3different sizes have the effect of a different adapting field, which in turn will produce
different color perceptions. The goal of this dissertation was to develop a fundamental
understanding of the effect of image size on color appearance.
1.1 Color Perception
A light source radiates energy in the form of visible radiant flux, which provides an
external stimulus perceived by the human visual system. An object along the pathway of
light can modify the radiant flux in different ways such as absorption, transmission,
scattering, reflection, and fluorescence. In the following sections each of the three main
elements of color perception, the light source, the object, and the human visual system
(HVS), are briefly discussed.
1.2 Illumination
Conservation and aesthetic aspects of illuminating sources used in the display of artworks
in museums and galleries are two important concerns of exhibitors and conservators
[Berns 1987]. The influence of an illuminating light source on color appearance can be
divided into three categories: spectral power distribution, geometry, and level of
illumination. The relative spectral power distribution of a light source describes the
amount of energy emitted at each wavelength. Conservators require sources with
4minimum emission of ultraviolet radiation while exhibitors favor sources that are more
pleasing to the viewer. On the other hand, a lighting differing from the original light
source used by the artist results in a different color appearance of the artwork from the
original appearance intended by the artist. The change of the human visual system (HVS)
to compensate for the changes in relative spectral power distribution of the light source is
known as chromatic adaptation [Berns 2000]. The color constancy of objects resulting
from the chromatic adaptation ability of the human visual system is limited and one
should be very careful in changing illumination conditions. In other words, the HVS
cannot compensate for large changes in the spectral power distribution of a light source.
Berns, et al. formed an experiment using eight artist’s pigments under five different
illuminants at several illumination levels to show the change of color appearance of color
patches due to a change in illumination conditions [Berns 1987]. Large color appearance
differences were observed for different illuminating environments. It was concluded that
incandescent sources are not appropriate for accurate color rendition of artwork created
under north-sky daylight. Furthermore, restoring a damaged area of a painting by visual
matching of color under daylight may result in large appearance mismatch, if viewed
under incandescent lighting. This phenomenon is referred to as metamerism [Berns
2000]. As many artworks were created prior to the advent of artificial lighting, the use of
daylight sources was recommended.  However, environments lit by daylight sources at
low luminance level are psychologically uncomfortable, so the use of filtered
5incandescent lamps, to obtain a correlated color temperature of about 4500 K, was
suggested.
The correlated color temperature (CCT) of an illuminant is defined as the
temperature of a black body radiator with the same (or nearly the same) color coordinates
as the illuminant’s color coordinates [Wyszecki 1982]. Kruithof investigated the
relationship between correlated color temperature, intensity, and the “pleasant” quality of
an illumination source [Kruithof 1941, Weintraub 2000]. The result of that research is
summarized in a graph shown in Figure 1-1. An observer favors lightings with low CCT
for low illuminance levels and prefers higher CCT when the light level is high. As an
example, a room uniformly illuminated by a daylight source of CCT of 6000K with an
intensity of 20 foot-candles (approximately 200 lx), appears overcast and gloomy, while
the same space will appear comfortable and pleasant, if it is illuminated by a tungsten-
halogen lamp with a CCT of 3000K at the same light intensity (20 foot-candles).
Therefore, psychologically, it is not desirable to illuminate artwork created under
daylight by a daylight source with the same CCT, but rather, at much lower luminance
level. It should be noted that in the Kruithof’s experiment the goal was to find the optimal
illumination for a workplace assuming a light source neither warm nor cool is the best
                                                 
 Each square meter, m2, is equal to (3.084) 210.76 square feet, f2; hence each foot-
candle (lumen/f
2
) is about 10.76 lx (lumen/m
2
).
6choice and aesthetic issues, conservation considerations, and color consistency issues
were not taken into account.
Figure 1-1. Kruithof’s curves present relationship between correlated color temperature,
intensity, and the “pleasant” quality of an illumination source [Weintraub 2000].
7Scuello and coworkers conducted an experiment to compare the same “artwork”
under different illumination conditions, utilizing side-by-side miniature museum rooms
and printed postcards of artwork. Using a paired-comparison method, nine observers
compared the same painting lit by two different illuminants, at a luminance of about 200
lux, which were selected randomly from a set of eleven daylight sources with correlated
color temperatures ranging from 2500 K to 7000 K [Scuello 2004A]. Observers preferred
lighting with a CCT of about 3600 K. It should be noted that the pigments that are used in
printing inks are inherently more color constant than pigments used in real art, such as
cobalt blue and ultramarine blue with reflectance tails in the long wavelength range.
More investigation using a broader set of pigments, as those used in artwork, are
required. In another experiment each painting was viewed in a single simulated room lit
by one of the illuminants and a preference score was assigned to it. The preference score
was selected from an 11-point numeric scale, -5 to 0 to +5, where –5 and +5 denoted
strong negative and positive responses respectively, and 0 denoted no opinion. The
illuminant with the CCT of 3600 K was again preferred among the others. Scouello and
coworker studied the relationship between the CCT of a light source and its intensity
while it appears neither warm nor cool [Scuello 2004B]. A neutral white standard lit by a
bank of lamps was observed at different luminance levels. Observers could adjust the
combined CCT by adjustment of the voltage ratios of the lamps. In this way the total light
intensity was kept approximately constant. The combination of lamps could generate a
CCT in the range of 3000 K to 4000 K. Figure 1-2 presents the CCT versus the
8illuminance level of the light sources adjusted in such a way that they were perceived
neither warm nor cool. Scuello and coworkers suggested a preferred illuminant with a
CCT of about 3700 K for viewing artwork [Scuello 2004B]. Because of the large
variation of results shown in Figure 1-2, it is hard to select a preferred CCT and the
results are inconclusive.
Figure 1-2. Color temperature of illuminant chosen to appear “neither warm nor cool”.
Solid lines shows mean setting for a group of eight observers and dotted lines present
boundaries for ±1 group standard deviation. The horizontal dashed line shows the
overall mean choice [Scuello 2004B].
9In order to minimize photo degradation in museums, Thomson recommended an
illuminance level of 150 lux [Thomson 1978]. Commercial environments are usually
illuminated at levels between 500 lux and 1000 lux. The illuminance level in outdoors on
a partly cloudy day and a clear summer day are 10,000 lux and 100,000 lux, respectively
[Wandell 1995]. The human visual system normally adjusts for this wide range of
illuminance, which is known as light adaptation [Berns 2000]. Light adaptation cannot
fully compensate for changes in illumination level and there are some changes in
perceived color. The Hunt effect [Hunt 1952] and the Stevens effect [Stevens 1963] are
two phenomena that relate to different adaptation conditions. However, there is a general
tendency of the color perception of an object to remain constant when the level and color
of the illumination are changed. This phenomenon is known as color constancy [Berns
2000], but imprecise at best.
The geometry of illumination is another important factor in color appearance
perception. A diffusely illuminated object appears lighter, flatter (two-dimensional) with
a loss of colorfulness compared to the case of illumination by a point source [Evans
1948]. The spatial distribution of light on the object can enhance its texture appearance.
By casting light across the surface of an artwork at very low angles, texture,
irregularities, damages, and deformations can be highlighted [Padfield 2005]. Another
aspect related to the illumination geometry is the amount of ambient light. More light is
reflected from walls and ceiling onto the artworks for diffuse illumination compared to
the spot illumination. Therefore the perceived color of an artwork is affected by the color
10
of the walls and other ambient objects; this occurs more for the diffuse illumination than
illuminating the painting with a spot light source.
1.3 Colored Materials
An object along the pathway of light can modify the radiant flux in different ways such as
absorption, transmission, scattering, reflection, and fluorescence. The result of the
interaction of light and matter is not only a function of wavelength but also depends on
the illumination geometry. There are a number of excellent classical texts and references
available on this subject and reader is referred to the texts of Wyszecki [1982], Grum
[1980], Judd [1975], Berns [2000], and Hunt [1995].
To fully quantify the geometric appearance effects, such as gloss and metallic and
pearlescent effects, complete bidirectional reflectance distribution functions (BRDFs)
should be measured for each possible combination of illumination and viewing angles at
each wavelength. For most practical cases those measurements are expensive, time
consuming, and difficult. There are a limited number of standard illumination and
viewing geometries established for colorimetry by the CIE. Many techniques have been
developed to compactly represent the BRDF of a surface. Linear basis functions such as
spherical harmonics [Cabaral 1987, Sillion 1991, Wong 97], physically based analytical
models like He [1991] and Stam [1999], and empirical models [Phong 1975, LaFortune
1997] are some examples.
11
1.4 Human Visual System
The external stimuli generated from the interaction of a light source and colored materials
are perceived by the human visual system (HVS). In the human eye an image of the
outside world is focused on the retina. The retina is a thin layer consisting of
photoreceptors, photosensitive cells, and initial processing and transmission circuitry of
the visual system. There are two types of photoreceptors, rods and cones, which
transduce the optical image on the retina to chemical and electrical signals transmittable
to the later stages of visual system. The signals generated in photoreceptors are processed
through the network of retinal neurons (horizontal, bipolar, amacrine, and ganglion cells).
The later visual processing in the thalamus and the cortex are extremely complex. In
order to gain more details the reader is referred to some classical and general texts such
as Boynton [1996], Wandell [1995], Backhaus [1998], Gegenfurtner [1999], and Palmer
[1999]. There is also a very good review paper on the mechanism of color vision by
Lennie and D’Zmura [Lennie 1988]. Another interesting book is an introductory text on
vision by Livingstone, a neurophysiologist, focused on the scientific explanation of
various visual phenomena in paintings [Livingstone 2002].
The modern opponent-colors theory was developed based on Hering’s opponent
theory and a large amount of additional data from more recent studies. However the color
processing of the human visual system should not be considered as a static ‘wiring
diagram.’ There are dynamic mechanisms of adaptation that increase the performance of
the HVS in different viewing environments. Three important adaptation mechanisms
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related to color appearance are dark adaptation, light adaptation, and chromatic
adaptation. Furthermore, there are cognitive visual mechanisms such as memory color,
color constancy, discounting the color of the illuminant, and object recognition that
impact color appearance [Fairchild 2005].
The specification of color by CIE XYZ is extremely useful but we should
remember that it has limitations. Two samples with the same tristimulus values, XYZ, are
perceived the same for an average observer if certain constraints and conditions hold.
Some of these conditions are having the same surround, background, size, shape, surface
characteristic, illumination geometry, retinal locus of stimulation, angular subtense, and
luminance level [Fairchild 2005]. It is very likely that two samples will not match in
color if any of above constraints is violated. However, in most color reproduction
applications the above mentioned constraints are violated. Therefore it is necessary to
enhance traditional colorimetry to include the influences of these variables. Such
enhancements are known as color appearance models.  Figure 1-3 shows one example
where two samples with the same tristimulus values match in color because they have the
same viewing condition, but if the same samples are placed on a different background
they no longer match in appearance, although they still have the same tristimulus values,
XYZ. This phenomenon is known as simultaneous contrast or induction [Fairchild 2005].
The constraint of equal background is violated in the Figure 1-3-b and a model to
incorporate the background effect is needed. In section 1.6, some of the most important
color appearance phenomena will be briefly described.
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Figure 1-3. An example demonstrating simultaneous contrast phenomenon. The gray
patches on the gray background, (a), are physically identical to those on the white and
black background, (b) [Fairchild 2005].
1.5 Important Attributes of Visual Sensations
In this section some of the most important color attributes are defined for further
reference in this chapter. These definitions are culled from three different sources by
Fairchild and are quoted here [Fairchild 2005].
• Hue: Attribute of a visual sensation according to which an area appears to be
similar to one of perceived colors: red, yellow, green, and blue, or to a
combination of two of them. Using definition of hue, two groups of colors are
defined as the following:
• Achromatic color: Perceived color devoid of hue.
• Chromatic color: Perceived color possessing hue.
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• Brightness: Attribute of a visual sensation according to which an area appears to
emit more or less light.
• Lightness: The brightness of an area judged relative to the brightness of a
similarly illuminated area that appears to be white or highly transmitting. (Only
related colors exhibit lightness.)
• Colorfulness: Attribute of a visual sensation according to which the perceived
color of an area appears to be more or less chromatic.
• Chroma: Colorfulness of an area judged as a proportion of the brightness of a
similarly illuminated area that appears white or highly transmitting.
• Saturation: Colorfulness of an area judged in proportion to its brightness.













1.6 Color Appearance Phenomena
Some of the most important color appearance phenomena are briefly introduced in this
section. Most of color appearance models are evaluated based on their accuracy in
prediction of the following color appearance phenomena.
15
1.6.1 Simultaneous Contrast
As illustrated in Figure 1-3, a black background caused a shift in color appearance of the
gray patch and made it to appear lighter. On the other hand the same patch appeared
darker with a white background. In the same way a background of red induces green,
yellow induces blue, green induces red, and blue induces yellow. These apparent shifts
are induced in the opposite direction of background in the opponent color space. More
details on this subject are explored in the classical textbooks such as Wandell [1995],
Hurvich [1981], Boynton [1979], and Evans [1948].
1.6.2 Crispening
For two stimuli placed on the same background, the magnitude of perceived color
difference between two stimuli increases if the background color is similar to the stimuli
themselves. Crispening is a related phenomenon and an example of it is illustrated in




Figure 1-4. A: An example of crispening. The pairs of gray patches are physically
identical on all three backgrounds. B: A demonstration of the difference between
simultaneous contrast and spreading. The gray areas are physically identical but appear
different depending on their spatial scale with respect to the red background [Fairchild
2005].
1.6.3 Spreading
Apparent mixture of a color stimulus with its surround is known as spreading. If spatial
frequencies of stimuli are increased, the simultaneous contrast phenomenon is replaced
by spreading and at the point of spatial fusion this effect is complete and the stimuli fuse
into a single stimulus. For frequencies less than the fusion point, stimuli are not fused and
are viewed as distinct stimuli, though colors blend to each other at some extent [Fairchild
2005]. Figure 1-4-B illustrates one example of spreading along one of the color
dimensions.
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1.6.4 Bezold-Brücke Hue Shift
If the luminance of a monochromatic stimulus is changed the perceived hue also changes.
The shift in hue with a change in luminance is known as the Bezold-Brücke hue shift.
Some of results of a typical experiment by Purdy are shown in Figure 1-5 [Purdy 1931].
The Bezold-Brucke hue shift suggests that there are some nonlinear processing in the
visual system after the point of energy absorption in the cones but before the point that
perception and judgments of the hue are made. It has been suggested by Hunt that the
Bezold-Brücke hue shift does not occur for related colors [Hunt 1989].
Figure 1-5. Example data illustrating the Bezold-Brucke hue shift. Plot shows the




This is another interesting appearance phenomenon that is best illustrated by examining
contours of constant brightness-to-luminance ratio as presented in Figure 1-6 adopted
from Wyszecki and Stiles [1981]. As illustrated in Figure 1-6, at constant luminance,
perceived brightness increase with increasing saturation and depends upon hue. In other
words, brightness depends on luminance and chromaticity.
Figure 1-6. Contours of constant brightness-to-luminance ration illustrating the
Helmholtz-Kohlrausch effect (adopted from Fairchild [2005]).
One can witness this effect by examining Munsell chips of a given hue and value
where higher chroma chips do appear brighter. The magnitude of the effect is dependent
upon the selected hue and value [Fairchild 2005].
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1.6.6 Hunt Effect
This effect obtains its name from the study of light and dark adaptation on color
perception by Hunt in 1952 [Hunt 1952]. According to the Hunt study, the colorfulness of
a given stimulus increases with an increase in luminance level. In other words a test
stimulus of low colorimetric purity can match a reference stimulus with high colorimetric
purity and low luminance level if the luminance of the test target is increased. As an
example, objects observed in a bright summer afternoon appear more vivid than viewing
them at dusk. An image viewed under a bright viewing condition appears more colorful
than viewing it at a low luminance level.
1.6.7 Stevens Effect
Steven and Stevens in 1963 published a study in which observers were asked to perform
magnitude estimations of the brightness of stimuli across different adapting conditions
[Stevens 1963]. The results showed that there is a power relationship between perceived
brightness and measured luminance. If the perceived brightness and measured luminance
are plotted on a log-log scale, a straight line is obtained. Typical results from Stevens’
experiments are presented in Figure 1-7 [Fairchild 2005].
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Figure 1-7. Changes in lightness contrast as a function of adapting luminance according
to the Stevens effect [Fairchild 2005].
The Hunt effect refers to the increase of chromatic contrast with an increase in
luminance while the Stevens effect refers to an increase in brightness (or lightness)
contrast with an increase in luminance. A black-and-white image is a good example for
explaining this effect. A black-and-white image has a low contrast at a low level of
illumination (since white areas do not appear very bright and dark areas do not appear
very dark). If the same image is viewed under a significantly brighter condition, then the




The experimental results by Bartleson and Breneman, obtained by matching and scaling
experiments, showed that the perceived contrast of an image increases with increase of
the surround luminance [Bartleson 1967]. In other words, change of surround from dark
to light increases images contrast. While the Stevens effect shows changes of perceived
contrast with changes of luminance level, the Bartleson and Breneman experiments
showed that changes in surround luminance also could cause changes of perceived
contrast. Bartleson has published equations that predict their experimental results quite
well [Bartleson 1975]. The experimental results by Bartleson and Breneman are
consistent with historical requirements for optimum image tone reproduction for
photographic transparencies viewed in the dark surround. Transparencies are made
physically to a higher contrast in order to counteract the reduction of perceived contrast
induced by the dark surround. Figure 1-8 illustrates the predictions of perceived lightness
as a function of relative luminance for various surround luminance values [Fairchild
2005].
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Figure 1-8. Change in lightness contrast as a function of surround relative luminance
according to the results of Bartleson and Breneman [Fairchild 2005].
1.6.9 Size Effect on the Color of Uniform Patches
In architecture, a small sample, which is offered as an aid in selecting a paint color, does
not exactly match the color appearance of the finished exterior and interior surfaces.
Anter [Anter 2000] has conducted outdoor observations to investigate the effect of size
and viewing conditions on the color perception of facades. In an experiment by Xiao and
coworkers [Xiao 2003], performed to specify the color appearance of a room, eleven
colors were selected and used to paint all four walls of the room. Two light sources were
used to illuminate the room, a D65 simulator and typical office lighting (CWF). For each
light source, the color appearance of the target wall was matched with a calibrated CRT
display and then measured by a spectroradiometer (referred to as CMM in Figure 1-9). In
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a similar setup, small chips from an NCS Color Atlas were observed in a viewing cabinet
(referred to as CMV in Figure 1-9). An increase of lightness and chroma were reported
when the physical size changes from a small chip or a patch on the monitor to room size.
Little or no effect on hue attribute was found. Figure 1-9 presents results of these
experiments for lightness, chroma, and hue.
In another experiment by Xiao and coworkers [Xiao 2004], ten paint colors were
selected to make samples of different sizes. Samples with sizes varying from 2° to 50°
viewing fields were used in two viewing conditions to investigate the change of color
appearance due to the size effect. Regardless of scaling techniques and viewing
conditions used in the experiment, an increase of lightness and chroma, but no effect on
hue, were reported for an increase in sample size. Figure 1-10 shows relationship
between two samples with sizes of (~22°) and (~50°) for lightness, chroma, and hue.
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Figure 1-9. Relationship between small and room size colors in CIELAB for lightness,
chroma, and hue. [Xiao 2003].
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Figure 1-10. Relationship between two samples with sizes of (~22° indicated as 4) and
(~50° indicated as 6) for lightness, chroma, and hue. [Xiao 2004].
1.7 Color Appearance Models
Color appearance models produce mathematical scales that correlate with the attributes of
visual sensation, as defined in Section 1.5 These models extend CIE colorimetry by
including information about viewing conditions such as illumination level, surround and
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adaptation state. All color appearance models have a chromatic adaptation transformation
and a perceptual color space. The chromatic adaptation transformation converts color
coordinates of a stimulus, CIE XYZ, to some form of canonical tristimulus values after
accounting for adaptation. The adaptation transform is used to calculate a corresponding
color across changes in adaptation but for the prediction of appearance correlates we also
need a color space component. The color space component of a color appearance model
transforms the adapted cone signals into dimensions representing brightness, lightness,
colorfulness, chroma, saturation, and hue.
The CIELAB color space is a very simple prototype example of a color
appearance model. There are different varieties of color appearance model available and
good reviews have been published [Fairchild 2005, Hunt 1995, Moroney 2002]. There
have been CIE technical committees established to study, develop and recommend a
color appearance model for digital color management. The CIECAM97s and CIECAM02
are two important examples of color appearance models proposed by CIE technical
committees TC1-34 and TC8-01.
In summary, the CIECAM97s model converts input XYZ values to Bradford
primaries and then a non-linear chromatic adaptation transform is applied to the data and
the outputs are converted to Hunt-Pointer-Estevez cone signals. Perceptual attribute
correlates are derived from the final responses and calculated by some hyperbolic non-
linear post-adaptation response compression functions [Moroney 2002].
27
The CIECAM02 was designed to overcome three major drawbacks of
CIECAM97s, which are over prediction of chroma for near neutral colors, poor
prediction of saturation, and large variation of the predicted saturation for colors with
different luminance factors but with the same chromaticity [Li 2002]. It was shown that
the new CIECAM02 model overcomes the three drawbacks of the CIECAM97s model
and has a performance as good as, or better than CIECAM97s [Li 2002].
Color appearance models have evolved for over 20 years and they are now
capable of predicting appearance attributes of spatially simple stimuli; however for
applications dealing with more spatially complex stimuli a new generation of color
appearance models, indeed image appearance models, are needed. Traditional color
appearance models deal with uniform color patches and do not account for spatial
variation in the stimuli. The CIECAM97s and CIECAM02 are two examples of such
models. On the other hand the vision models developed for image quality purposes
largely ignore color [Daly 1993, Lubin 1993]. There are some exceptions such as the
Retinex model [Land 1986, Land 1964, Land 1971, McCann 1976] and its derivatives
[Funt 2000, Barnard 1997, Brainard 1986]. The spatial ATD model [Granger 1993] and
the S-CIELAB model [Zhang 1996] also address spatial issues to some extent. The
spatially variable mechanisms of chromatic adaptation and color constancy in the Retinex
model serve the same purposes in image rendering applications that an image appearance
model is intended to do. The iCAM model, developed for still images, integrates different
research areas of image quality evaluation, image rendering, and image appearance
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modeling into a single model [Fairchild 2005]. The iCAM model is explored in more
detail in the following section.
1.8 Image Appearance Model
The iCAM model was developed with objectives of keeping capabilities of traditional
color appearance models with additional considerations of spatial vision attributes and
color difference metrics. The simplicity of the model was also one of the other
considerations in its development.
Figure 1-11 presents a flow chart of iCAM for a simple stimulus. This flow chart
is like the approach of traditional color appearance models. In the first step the tristimulus
values, XYZ, of the stimulus and adapting white point are converted to RGB values by a
(3x3) matrix multiplication. The RGB values are transformed to adapted signals using the
von Kries adaptation transform embedded in CIECAM02 [CIE8-TC01]. Then the
adapted signals are transformed to the IPT color space. The ITP color space has accurate
constant hue contours and is discussed in the Section 1-9. The adapting and surround
luminance information are used to calculate the FL factors, which in turn are used to
apply nonlinearity and response compression in the calculation of IPT coordinate values.
Lightness, chroma, and hue predictors are computed by rectangular-to-cylindrical
transformation of IPT coordinates. The adapting luminance is used to calculate
colorfulness and brightness from lightness, chroma, and hue predictors,
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Figure 1-12 presents the iCAM flowchart for more complex stimuli. In this
version of iCAM, the stimulus is an image and the adapting stimulus is a low-pass image
of the luminance channel of the original image. The degree of blurring of the adapting
field image is dependent on application and desired results. In a very extreme case, this
low-pass image can be the mean value of the pixels of the original image. The surround is
a low-pass image of the luminance channel of a larger spatial extent.
Depending on the application, one can transform the adapted RGB values to
linear IPT coordinates (before exponential transformation) and perform spatial filtering or
apply contrast sensitivity functions to eliminate spatial frequencies that are too high to be
perceived, and then back to the adapted RGB values. A set of exponential non-linearities
is used in the calculation of IPT color coordinates. The exponents at this level can be
modified by the adapting field image or the surround image. This is applied by
multiplication of exponents by the computed FL factors based on the surround and
adapting field. The application of spatially varying exponents in the IPT space takes into
account the spatial effects of surround and adapting field and enables the model to predict
the Hunt, Stevens, and Bartleson-Breneman effects. The IPT coordinates are transformed
to image-wise appearance correlates, lightness (J), chroma (C), and hue (h) by a
transformation from a rectangular coordinate system to a cylindrical coordinate system.
Colorfulness and brightness are calculated using J, C, h, and the adapting luminance
information for each pixel of the image [Fairchild 2003, Fairchild 2005].
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Figure 1-11. The iCAM flow chart for simple stimulus (or a single pixel) [Fairchild
2002].
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Figure 1-12. The iCAM flow chart for spatially complex stimuli [Fairchild 2002].
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1.9 IPT Color Space
The input to this model is CIEXYZ values for the 1931 2-degree observer under D65
illuminant and the outputs are three IPT coordinates [Ebner 1998]. The name of IPT color
space has some degree of relationship to the meaning of its dimensions: I was chosen for
intensity, P was chosen for protan that is dominated by red for the red-green dimension.
For blue-yellow dimension T was selected that is reminding of tritan.
The most important attribute of this color space is the linearity of constant hue
lines. It is a simple model to implement and is invertible. The tristimulus values under
D65 are the input to the model and are multiplied by a (3x3) matrix and transformed to
the cone response space, LMS. Using exponential functions the LMS signals are properly
compressed and the calculation is followed by another (3x3) matrix multiplication, which
results in the I, P, and T coordinates. The parameters and computation process are shown










































 L = L0.43;L  0 (1-2)
 L = (L)0.43;L  0 (1-3)
 M = M 0.43;M  0 (1-4)
 M = (M)0.43;M  0 (1-5)
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 S = S0.43;S  0 (1-6)










































where L, M, and S are cone response and XD65, YD65, and ZD65 are input tristimulus
values for CIE 1931 and illuminant D65. As can be seen from equation set (1-1) to (1-8),
the exponent in the power function is almost identical to that of the RLAB color space
model for average surround conditions [Fairchild 1996]. It has been shown that perceived
hue in this color space is more uniform than other available color spaces at that time
[Ebner 1998]. Since it is simple, invertible, and uniform, it is a suitable choice for
imaging applications.
1.10 Device-Independent Color Imaging System
Figure 1-13 presents the conceptual process of a device-independent color imaging
system [Fairchild 2005]. The process starts with the colorimetric characterization of an
input device. The relationship between input parameters of a particular device, such as
RGB digital counts in a CRT monitor, and the corresponding output in the intended color
space, for example XYZ, is established in the characterization process. The mapping
from input digital coordinates to colorimetric coordinates usually includes some linear
and non-linear transformations that can be applied as lookup tables and rotation matrices.
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The characterization process also includes some computations that are specific to the
particular device such as black-level estimation in CRT displays and inclusion of the
forth channel in digital light projectors. Berns has reviewed a generic approach to color
modeling [Berns 1997]. There is an abundance of research in the characterization of
different devices [MCSL 2005, Bala 2002].
The outputs from the device forward model, the color coordinates in the device-
independent color space, are fed to the color appearance model. Indeed, the image
appearance model is a better choice than the color appearance model as it also accounts
for spatial and temporal aspects. Up to this stage, the initial input is transformed to an
image in the viewing-condition-independent space. The image reproduction starts by
gamut mapping and tone mapping, which reflect the limitations and capabilities of the
reproduction device. Depending on the specifications of the output device, such as
resolution and noise level, additional spatial processes are applied. In the reverse process,
the image is pushed through the color appearance model to adjust for reproduction
viewing conditions and then processed by the inverse model of the reproduction device to
generate the output image.
The International Color Consortium (ICC) provides a standardized framework for
the imaging industry and implements device-independent. Berns described the
standardization of different components in a well color-managed open architecture
system as the standardization of software, hardware, illuminating and viewing conditions,
measurement geometries, a color appearance model, reference medium, encoding space,
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and quality metrics [Berns 2000]. A flowchart of the ICC approach is shown in Figure
1-14. A profile connection space (PCS) is defined in ICC-based color management. A
device profile transforms device-dependent encoding into the device-independent
encoding in the PCS. The device profile includes three subsystems: device colorimetric
characterization, color appearance modeling, and color gamut mapping.
Figure 1-13. A flowchart of conceptual process of device-independent color imaging
[Fairchild 2005].
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Figure 1-14. Flowchart showing the International Color Consortium (ICC) approach for
color management.
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Color appearance models and an image appearance model, iCAM, were described
in previous sections; a short description of tone reproduction and gamut mapping is
presented in the following sections.
1.11 Tone Reproduction
The final goal of a realistic tone reproduction system is to provoke the same
response and sensation as an observer would have to an original scene. This idea is
depicted in Figure 1-15. Two types of tone reproduction operators can be used in image
rendering [Devlin 2002].
• Spatially uniform (also known as single-scale or global) operator: This type of
operator applies the same transformation to every pixel of an image. The spatially
uniform operator can also be a function of image content as long as it is applied to
every pixel of image.
• Spatially varying (also known as multiscale or local) operator: This type of
operator applies different scales to different parts of an image.
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Figure 1-15. Ideal tone reproduction process [Devlin 2002].
There is another type of tone reproduction operator that accounts for temporal
differences such as adaptation over time. These operators are classified as a separate
category named ”time dependent” tone reproduction operators. Table 1-1 presents the
transformation type and a summary of some of the tone reproduction operators. In the
following, more detail about single-scale tone reproduction is presented.
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Table 1-1. Tone Reproduction Operators, summary of attributes [Devlin 2002].






















Oppenheim 1968  Yes  Attenuation of low frequency (HDR) data.
Stockham 1972  Yes  Extends Oppenheim, et al. Using a visual model.
Miller  1984 Yes   Uses perceptual data.
Upstill 1985 Yes   Uses perceptual model.
Tumblin 1993 Yes   Uses perceptual model. Preserves brightness. Does
not preserve visibility or account for adaptation. Grey
scale only.
Chiu 1993  Yes  Preserves local contrast. Ad hoc. Computationally
demanding.
Ward 1994 Yes   Uses perceptual model. Preserves contrast - crucial
for predictive lighting analysis. Clipping of very high
and very low values. Does not consider complexities
of typical workplace viewing.
Schlick 1994  Yes   Speed and simplification of uniform and varying
operators.
Ferwerda 1996 Yes  Yes  Uses perceptual model. Accounts for changes in
threshold visibility, color appearance, visual acuity
and sensitivity over time. Useful for immersive
displays.
Larson 1997 Yes     Uses perceptual model. Histogram adjustment.
Preserves local contrast visibility. Uses models for
glare, color sensitivity and visual acuity to increase
perceptual realism.
Jobson 1997  Yes  Multi-scale retinex model - perceptually valid.
Problems with monochrome scenes and maximum
contrasts outside 24-bit RGB range.
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Table 1-1 continued : Tone Reproduction Operators, summary of attributes.






















Pattanaik 1998  Yes  Multi-scale psychophysical representation of pattern,
luminance and color processing resulting in increased
perceptual fidelity.
Tumblin 1999a Yes   Uses perceptual model. Layering method for static, synthetic
images. Foveal method for interactive scenes.
Tumblin 1999b  Yes  LCIS method preserves subtle details.
Pattanaik 2000 Yes  Yes Psychophysical operator with time-dependent adaptation and
appearance models.
Scheel 2000 Yes     Interactive method using texturing hardware.
Durand 2000 Yes  Yes Interactive method with time-dependent adaptation and
simulation of visual acuity and chromatic adaptation.
Cohen 2001 Yes   Real-time method from HDR texture maps using graphics
hardware.
Durand 2002  Yes  Uses edge-preserving filtering to decompose image, reduce
contrast and preserve details.
Fattal 2002  Yes  Computationally efficient and simple operator that attenuates
the magnitudes of large luminance gradients.
Reinhard 2002  Yes  Method analogous to photographic technique. Suits a wide
variety of images; fast and computationally efficient.
Ashikhmin 2002  Yes  Uses simple functional perceptual model to preserve image
details and absolute brightness information.
41
1.12 Single-scale Tone reproduction
If a scene and its reproduction are viewed under the same conditions then it is expected
that they both should have the same physical tones, in other words, patches of gray colors
in the reproduction should have the same luminance (amount of light) as the original
scene [Hunt 1995]. Graphs of the log of the reproduced luminance plotted against the log
of the original luminance are very useful in color reproduction. Since optical density (D)
is widely used for reproduction and log of exposure (H) is used for the original scene,
these graphs are referred as D- log H curves or characteristic curves. Such curves usually
have some approximately linear section in the middle of curve and the slope or gradient
of this linear part is known as gamma. There are two curved sections with a lower
gradient at each side of the linear part. The curved section with lower density is known as
the toe and that with higher density is referred to as the shoulder. If the reproduction is
viewed in the same conditions as the original scene except for an overall shift in the level
of illumination, then the reproduction density will have a linear relationship to the log of
relative luminance of the scene (note that relative luminance is used instead of absolute
luminance). Flare in imaging systems always has the effect of lowering gamma [Hunt
1995]. There are different sources of flare in imaging systems, for example, camera flare
and viewing flare in dark tones and printer flare mostly in the light tones. In order to
neutralize the effect of flare in tone reproduction, the photographic materials should have
42
characteristic curves that when measured without flare can counteract the decrease or
increase of density caused by flare light. Figure 1-16-A illustrates an example of the
characteristic curve of an actual system, which can partially counteract the effect of flare.
A B
Figure 1-16. A: The curve marked ‘Actual system’ shows the characteristic of a
commercially successful system used for the production of color reflection prints. B: The
curve marked as ‘Actual film’ shows the characteristic of a commercially successful
reversal film used for the reproduction of color transparencies intended for projection
[Hunt 1995].
As mentioned in Section 1.6.8, the Bartleson and Breneman effect, the surround
of an image can induce an increasing or a decreasing effect on image contrast.
Transparencies projected in a dark room should have higher contrast to compensate for
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the decreasing effect induced by the dark surround. Figure 1-16-B presents the
characteristic curve of a photographic system that is designed for compensation of the
dark surround effect on image contrast.
Television and cut-sheet transparencies have usually similar viewing conditions;
both of them are viewed in a dim surround. Hence the gamma appropriate for them is less
than the value recommended for dark surrounds (=1.5), and higher than the value of an
average surround (=1.0). A gamma of 1.25 should be appropriate for these cases. In
practice television signals are transmitted with a gamma of 1/2.2 and are displayed with a
gamma of 2.8, which results in an overall gamma of approximately 1.25 [Hunt 1995].
1.13 Gamut Mapping
If all media could display the same set of colors and if there were not any image
enhancement processes in the color reproduction chain then the image appearance and
device characterizations would be sufficient for image reproduction [Morovic 2000]. This
is not true for most of color reproduction cases, and media used in the reproduction chain
have different obtainable colors.
Color gamut is defined as the range of colors produced by a coloration system
[Berns 2000]. Gamut mapping, as its name denotes, is an algorithm for mapping between
the gamuts of different media. Various color reproduction intents can be included in
gamut mapping. The most generic reproduction intents are accuracy and pleasantness.
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MacDonald [MacDonald 1993] has identified a number of the common goals in most
gamut mapping algorithms. Some of those goals are the preservation of grey axis of the
image, reducing the number of out-of-gamut colors, and minimization of hue shifts.
Gamut clipping and gamut compression are two major types of gamut mapping
algorithms. In gamut clipping only colors outside of reproduction gamut are changed,
while in gamut compression, all the colors are changed. The direction of mapping is
another important feature of gamut mapping, which can be along the:
• lines of constant perceptual attributes such as lightness and hue,
• lines towards a single center-of-gravity,
• lines toward variable centers-of-gravity,
• lines towards the nearest color (minimum color difference).
For more details on gamut mapping one can review the publications of the CIE Division
8-TC03 [CIE8-TC03].
1.14 Visual Experiment Techniques
“Psychophysics” is defined as “the scientific study of the relationships between physical
measurements of stimuli and the sensations and perceptions that those stimuli evoke”
[Fairchild 2005]. The history of psychophysics goes back to the works of Weber,
Fechner, and Stevens [Fechner 1966, Stevens 1966]. Vision is one of the human
perceptions that are studied by the tools of psychophysics. The nominal, ordinal, interval,
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and ratio scales are four key types of magnitude scales resulting from psychophysical
experiments. The simplest type, the nominal scale, is just used to name items while
ordinal scales are used to name and sort items in ascending or descending orders. The
ordinal scales may or may not be spaced evenly. Logical operations such as greater-than,
less-than, or equal-to can be performed with ordinal scales. The interval scale is an
ordinal scale with equal intervals. There is no meaningful zero point on the interval scale.
Logical operations, addition, and subtraction can be performed with interval scales. The
ratio scales are interval scales with a meaningful zero point. All mathematical operations
mentioned for previous scales can be performed with ratio scales. Furthermore,
multiplication and division can be performed as well.
In order to minimize the influence of an observer’s variability in judgment,
experiments are designed in such a way that move as much control of results from the
observers as possible. Two broad classes of visual experiments are presented very briefly
in the following two sections. More detailed explanations can be found in Engeldrum
[2000] and Fairchild [2005].
1.14.1 Threshold and Matching Experiments
These types of experiments are appropriate to measure visual sensitivity to small changes
in stimuli, or sometimes referred to as a just-noticeable difference (JND). The just-
noticeable change from no stimulus defines the absolute threshold. The relative or
difference threshold is defined as the JND from a particular non-zero stimulus. Three
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basic types of the threshold techniques are the method of adjustment, the method of
limits, and the method of constant stimuli. More complex methods can be developed for
specific applications [Engeldrum 2000].
In the method of adjustment, an observer adjusts the magnitude of a stimulus to a
level of just perceptible or to a point that is just perceptibly different from an initial point.
A major disadvantage of this method is the observer’s control on the stimulus that can
produce variability in the results among the observers. However, the method of
adjustment is a simple and quick method and is a good choice to obtain a first estimate of
a threshold.
In the method of limits, the experimenter has more control over the stimuli and
presents them to the observer at predefined discrete intensity levels. The stimuli are
presented in the ascending or descending levels of intensity. In an ascending series of
stimuli, the experimenter begins with one stimulus that is certainly imperceptible to the
observer and asks for the observer to respond (which will be “no” at the beginning). The
stimuli are presented to the observer until the observer response changes from “no” to
“yes”. The experimenter starts with a clearly perceptible stimulus in a descending series
of stimuli and continues until the observer response changes from “yes” to “no”.
 In the method of constant stimuli, about the intensity level of threshold, a number
of levels (typically about 5 or 6) are selected. Stimuli at each of the selected levels are
presented to the observer for multiple times in a random order. The frequency of
perceived stimulus at each level is computed and a frequency-of-seeing curve, or
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psychometric function is determined. The experiment can be performed in either a pass-
fail or forced choice method. In the pass-fail or yes-no method, subjects respond “yes” if
they perceive the stimulus and “no” if they do not. The threshold level is determined by
the fifty percent “yes” responses. In the forced choice method, stimuli are presented in
one of the two spatially or temporally separated intervals.  Observers are forced to choose
between two intervals and select one that has the stimulus in it.  The percentage of correct
responses versus the stimulus intensity is plotted (the psychometric function). The
intensity level corresponding to the 75% correct responses is selected as the threshold
level.
Matching techniques are designed to find the conditions when two stimuli are not
perceptibly different. As an example, in the memory matching technique, an observer
makes a match to a previously memorized color. Asymmetric matching is another
example of a matching technique that is often used in the study of color appearance
[Fairchild 2005]. In this method, a color match is made for different viewing conditions.
The asymmetric matching is a common tool in study of chromatic adaptation.
1.14.2 Scaling Experiments
 These types of experiment are designed to generate a relationship between the physical
strength and the corresponding perceptual magnitude of a stimulus. Scaling methods can
be divided into one-dimensional and multi-dimensional classes. Different scaling
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techniques have been developed for the measurement of one-dimensional psychophysical
scales. One-dimensional scaling experiments include the following:
Rank order: For a perceptual attribute (such as lightness), observers are asked to
order a set of samples in an ascending or descending order. The collected data are
averaged and an ordinal scale is derived.
Graphical rating: In the assessment of a particular attribute, observers assign to
each of the presented stimulus a point on a one-dimensional graphical scale, which has
defined endpoints. For example on a scale, with one end indicating black and the other
end indicating white, a medium gray sample is assigned to a point in the middle of the
scale. In the same way a dark gray is marked to a point closer to the black. The mean
location of each stimulus on the graphical scale is taken as the interval scale for that
stimulus.
Category scaling: Observers separate a large number of similar samples into
various categories. The number of times that a sample is placed in each category is
registered, then by using the law of categorical judgments interval scales are calculated
[Thurston 1927]. The perceptual magnitudes are assumed to have a normal distribution.
Paired comparison experiment: For a small set of samples, all possible pairs of samples
are made and presented to an observer. The observer is asked to select one sample in each
pair that is judged greater in some attribute than the other. The proportional number of
times that a sample is chosen versus the other samples is recorded. The law of
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comparative judgments is used to calculate the interval scales from the proportional data
[Thurston 1927, Engeldrum 2000].
Paired-Comparison: All possible pairwise combinations are presented to
observers and the proportion of times that a particular sample was selected versus other
samples is recorded. Thurston’s Law of Comparative Judgments, Case V, are used to
calculate the interval scales from the proportionality data. A 95% confidence limit can
also be calculated for each interval scale. There are n n 1( ) 2 possible pairs for a group
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). The number of possible pairs increases
rapidly as the number of sample, n, increased. Therefore, this method is suitable for a
group with relatively small number of samples.
Magnitude estimation or production: In magnitude estimation observers assign
a number to each sample according to the perceived magnitude of a particular attribute.
In a production experiment a number is given to observers and they adjust a stimulus to
have the same perceptual magnitude equal to the given number. These techniques are
suitable to generate ratio scales.
Ratio estimation or production: The observers judge two or more samples and
describe the ratios among them for perceptual magnitudes of an attribute. In a similar
way, observers produce or select a sample that in comparison to some standards has a
relative magnitude to equal to predefined ratios. This method is more complex than
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magnitude estimation and because of difficulties in sample preparation and judgment, it
is not suitable for practical visual experiments [Fairchild 2005].
A multi-dimensional map showing the perceptual relationship between the stimuli
is generated using the multi-dimensional scaling technique. A more detailed description
of this method can be found in Kruskal [1978] and Brog [1997].
1.15 Conclusions
Let us imagine an observer who is looking at a painting in a gallery as shown in Figure
1-17. Energy radiates in the form of visible radiant flux from the light source and
interacts with the painting in different ways such as absorption, scattering, reflection, and
fluorescence. These interactions provide external stimuli perceived by the observer’s
visual system. An image of the painting is focused on the observer’s retina and signals
generated in the photoreceptors of retina are processed through a series of neurons in the
retina and other components of visual system such as the thalamus and the cortex. These
extremely complex processes result in the color perception of the scene. Because of
conservation and aesthetic considerations, as discussed in Section 1.2, galleries use
illumination conditions that are different from the illumination conditions generally used
in an office or an apartment. A color reproduction of the painting, for example a print, is
usually viewed in a different viewing condition than the original conditions in the gallery.
An example of such a case is shown in Figure 1-18 . Comparing Figure 1-17 and 1-18,
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we can address differences in illumination conditions such as changes in spectral power
distribution of light source, luminance level, and geometry of illumination. There are also
changes in viewing angle (size) and surround of the painting in comparison to its
reproduction. Furthermore, the painting has different surface properties than the printed
reproduction. It is desired to have a color reproduction system such that its output image
generates the same color perception for each pixel as the color perception of the original
image. As mentioned in the previous sections, specification of the color of an image by
CIEXYZ and matching tristimulus values between the original and reproduction image is
very useful but it is not sufficient. There are color appearance phenomena, as presented in
Section 1.6, that are not simply described by CIEXYZ. As it can be seen in Figure 1-17,
color of the same kites look different due to different background, which points to the
importance of the background of the stimulus. Changes in the color of the illumination
(white point), illuminance level, and relative luminance of the surround are main
concerns of color appearance models. Image appearance models have been evolved to
include the spatial and temporal aspects of color perception. In the case of image
reproduction with a size that differs from the original, for any fixation point, different
backgrounds and surrounds are perceived, since the same viewing angle subtends
different areas in the original and reproduction images (this is shown in Figures 1-17 and
1-18).  Therefore an image appearance model that accounts for such spatial aspects is
required. An example of such a model, iCAM, was described in Section 1.8.
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Figure 1-17. An observer looking at a painting in a gallery. The same kites positioned at
different locations of image are perceived to have different colors.
Limits and capabilities of devices used in the reproduction chain are also very
important and reflected in the gamut mapping and tone reproduction processes.
Depending on the specifications of the output device, such as resolution and noise level,
additional spatial processes are also needed.
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Figure 1-18. The same observer is looking at a reproduction of the painting in a different
illumination and viewing conditions from the gallery conditions.
The ICC approach for device-independent color management was described in
Section 1.10; we can adopt this approach and modify it as presented in Figure 1-19. In
this modified version, an image appearance model replaces the color appearance model.
Input signals from an input device are converted to tristimulus values for each pixel
through device colorimetric characterization. The resulting values are fed to the image
appearance module where localized adaptation and non-linear compression of the visual
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response is applied to the image. As described in Sections 1.8 and 1.9 the iCAM model
uses a uniform color space called IPT. By knowing the effect of the image size on the
appearance of an image we can compensate for this effect by applying a proper
transformation on each dimensions of the IPT space. The processed IPT values are
pushed through the inverse image appearance model and the tristimulus values for each
pixel in the output image are calculated. Color gamut mapping and other preference
editing are performed in the next stage. The inverse model of device colorimetric
characterization generates the output signals (digital counts for output image).
The main focus of this dissertation is to study the effect of size on the color
appearance of an image and its reproduction. A series of visual experiments were
performed to isolate the size effect from the other appearance phenomena and quantify its
effect. The quantified effects of size were used in another series of experiments to render
images with different sizes.
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Figure 1-19. Flowchart showing the modified version of the color management system.
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2 EXPLORATORY EXPERIMENT
One of the interesting differences in viewing condition is size difference. This leads to
different surrounds and adaptation states. As already mentioned, in architecture, a small
sample, which is offered as an aid in selecting a paint color, does not exactly match the
color appearance of the finished exterior and interior surfaces. Anter has conducted
outdoor observations to investigate the effect of size and viewing conditions on the color
perception of facades [Anter 2000]. In an experiment by Xiao and coworkers, performed
to specify the color appearance of a room, eleven colors were selected and used to paint
all four walls of the room [Xiao 2003]. Two light sources were used to illuminate the
room, a D65 simulator and typical office lighting. For each light source, the color
appearance of the target wall was matched with a calibrated CRT display and then
measured by a spectroradiometer. In a similar setup, small chips from an NCS Color
Atlas were observed in a viewing cabinet. An increase of lightness and chroma were
reported when the physical size changed from a small chip or a patch on the monitor to
room size. Little or no effect on hue was found.
In another experiment by Xiao and coworkers [Xiao 2004], ten paint colors were
selected to make samples of different sizes. Samples with sizes varying from 2° to 50°
viewing fields were used in two viewing conditions to investigate the change of color
appearance due to the size effect. Regardless of scaling techniques and viewing
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conditions used in the experiment, an increase of lightness and chroma, but no effect on
hue, were reported for an increase in sample size. Hannah made a series of paintings to
demonstrate the color change due to change in observation distance [Hannah 1990,
McCann 1990].
The majority of the above research has been done on uniform patches, but what
are the size effects on the appearance of complex stimuli? How does size of a rendered
image affect its appearance? In order to investigate the effect of size in color perception
of rendered images, an exploratory visual experiment was conducted using a
colorimetrically characterized digital projector and LCD. The projector and LCD are light
emitting devices and in this sense are similar soft-copy media. The physical sizes of the
reproduced images on the LCD and projector screen were very different. It was
hypothesized that two images with the same colorimetric values for each pixel but having
different physical sizes would have unequal color appearance. Thus, this experiment had
several goals. The first was to evaluate how well one could control the colorimetric
properties of an LCD and a DLP projector. The second goal was to develop an
experimental paradigm for measuring the effect of image size on color appearance. The
third goal was to test several algorithms that could compensate for image size.
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2.1 Display Colorimetry




where, i counts the number of channels, L is spectral radiance and S is a radiometric
scalar. The ‘max’ subscript denotes the maximum output of each channel. This assumes
the spectroradiometric property of each channel is scalable and each channel is
independent. For a CRT display,
L = RL,rmax +GL,gmax + BL,bmax (2-2)
where R, G, and B are  radiometric scalars for the red, green, and blue channels,










































where Xmax, Ymax, and Zmax are the tristimulus values of each channel at maximum output.
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where the ‘k’ subscripts represents the black-level output. This occurs commonly for
CRTs set with a positive gun-amplifier offset and for devices that cannot achieve zero
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= Xr,max  XK , YR
c
= Yr,max YK , and ZR
c
= Zr,max  ZK . For many applications,
displays are output devices and it is necessary to calculate the radiometric scalars for a




















































The relationship between digital signals and radiometric scalars are usually non-
linear, known as devices’ optoelectronic conversion function or OECF [CCIR 709].
Several models exist for CRT displays [Berns 1996, Berns 1997, Katoh 2001a, Katoh
2001b]. Models require monotonic behavior that may not occur for LCDs, consequently,
lookup tables (LUTs) are created based on sub-sampling and either linear or non-linear
interpolation, shown in Equation (2-7).
R = LUT(dr )
G = LUT(dg )
B = LUT(db )
0  R,G,B 1
(2-7)
where d denotes digital signal. For CRT and LCDs, Equation (2-6) can be used to
calculate radiometric scalars [Fairchild 1998, Gibson 2000]. In this fashion, one can use
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three primary ramps or an equal-digital-signal ramp (i.e., neutrals). For displays with
more than three primaries, such as a DLP projector, each channel is independently
measured using a photometer or one arbitrary colorimetric channel, for example
R= (X  XK ) XR
c . In practice, displays exhibit minor channel interaction, as well as
theoretical limitation is each channel’s chromaticity invariance with drive level. Using
non-linear optimization to estimate the matrix coefficients and LUTs, one can improve
performance [Berns 2003, Day 2004].








































































where W represents the white channel. Despite the four channels, DLP projectors are
considered “RGB” devices since there are three input signals. Internal, and often
proprietary, signal processing converts the three signals to four drive signals. Wyble and
coworkers [2003, 2004] have described general signal processing, Equation (2-9).
R = LUT(dr )
G = LUT(dg )
B = LUT(db )
dw =min dr,dg ,db{ }
W = LUT(dw )
0  R,G,B,W 1
(2-9)
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White is added depending on the minimum red, green, or blue signals. Wyble
[2003] has shown that white is added gradually beyond a minimum signal shown in
Figure 2-1 for the DLP projector used in this experiment.


































Figure 2-1. Normalized look-up tables, LUTs, for red, green, blue and white channels of
the DLP projector.
Assuming that the maximum input level, dr=dg=db=255, is an addition of all four






























































Unlike CRT and LCDs, the DLP projector model is not directly invertible. The DLP
projector inverse model relates the requested tristimulus values to the corresponding
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digital counts. At the first step, shown by Equation (2-11), requested tristimulus values,
XYZ, indicated by the ‘request’ subscript, are transformed to a set of theoretical
radiometric scalars, RGB, denoted by subscript ‘theo’ through a rotation matrix. The
rotation matrix is the inverse of the matrix consisting of dark-corrected tristimulus values





















































The radiometric scalars, RGBtheo, are called theoretical because they can exceed unity
(since we were not considering any white addition up to this stage). In the next step the
minimum value among the three theoretical scalars is assigned to a temporary scalar, W,
as shown in Equation (2-12).
 W =min Rtheo,Gtheo,Btheo{ } (2-12)
This temporary scalar is mapped to the white radiometric scalar using one of the three
look-up tables wLUTr, wLUTg, or wLUTb depending on the minimum value of the
theoretical scalar determined in Equation (2-12). For example, if the green channel has
the lowest theoretical radiometric scalar value among the Rtheo, Gtheo, and Btheo then
wLUTg, corresponding to green channel, would be used. Equation (2-13) presents look-
up tables used to map the W to the white radiometric scalar, W,
W =wLUT j (  W ) (2-13)
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where j is r, g, or b. The final red, green, and blue radiometric scalars are calculated from









































































where subscript ‘R’, ‘G’, ‘B’,  and ‘W’ indicate red, green, blue, and white, respectively
and the ‘c’ superscript denotes dark-corrected. The computed radiometric scalars, R, G,
and B are converted to digital counts using the forward look-up tables earlier described in
equation (2-8) in the reverse direction.
The following steps were suggested by Wyble et al [2004], for creating wLUTr
look up table while green and blue were set on full and red channel was increase from 0
to 255.
1. Select a digital count, dr, from the range of 0 to 255.
2. Calculate XYZ for the color corresponding to triplet (dr, 255, 255) using forward
model, Equations (2-8) and (2-9). Maintain white radiometric scalar, W.
3. Compute theoretical radiometric values, (RGB)the, by substituting XYZ values
from step 2 into XYZrequest in Equation (2-11).
Repeat steps 1-3 for all digital counts in the range of [0, 255].
Construct wLUTr using Rtheo as the input and W as the output.
The same steps were applied to construct the wLUTg and wLUTb. The construction
process of wLUTr, relating Rtheo to W, is independent of the values of dg and db as long as
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dr is the minimum among the three digital counts, (dr, dg, db). A proof for this statement is
as the following:
In the above procedure the dg and db were set to 255 to ensure that dr was always
the minimum among the three digital counts; therefore dw was always equal to dr, since
dw=min {dr, dr, dr}. Scalars R and W only depended on dr as expressed in Equation (2-8).
It should be demonstrated that Rtheo was also dependent only on R and W. Matrices M, N,

































































In steps 1 through 3 using Equation (2-8), radiometric scalars, R, G, B, and W were
calculated and substituted into Equation (2-9), to compute theoretical scalars, RGBtheo. It
would be shown that calculation of Rtheo was independent of G and B and only depended
on R and W radiometric scalars. These steps combined together are expressed in matrix



























































The M is a 33 matrix such that its inverse, M-1, transforms tristimulus values to
theoretical radiometric scalars as described in Equation (2-12). Another way of
presenting matrix M
-1




























































































































































c , and RZ
c  are contributions of dark-corrected tristimulus values to theoretical
radiometric scalar for red channel. In the same manner, (GX
c , GY
c , GZ















































F in Equation (2-18) is a 31 constant matrix, which is computed from
tristimulus values of black (or flare), F, and inverse of rotation matrix, M. The product of
matrices M
-1 



























































































































































































































































































Note that the first three columns of matrix N are identical to the matrix M. Therefore we
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As it can be seen from Equation (2-22), the theoretical radiometric scalar for red channel,
Rtheo, was calculated from subtraction of a constant from the product of multiplication of
the first row of the 35 matrix by elements of a vector matrix consisted of R, G, B, W,
and unity; since G and B were multiplied by zero in this computation, the Rtheo was only
dependent on R and W. It has been demonstrated that the Rtheo was independent of values
of G and B and consequently independent of dg and db.
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2.2 LCD Colorimetric Characterization
An IBM T221 LCD having a resolution of 3840x2400 pixels and driven by a Dual 2GHz
PowerPC G5 Apple computer was characterized in a dark room and used in the visual
experiment in this research. Two sets of input digital counts were generated. The first set
consisted of three individual red, green, and blue channel ramps. There were 11 steps,
equally spaced from 0 to 255, for each channel. The first set also included 11 neutral
samples made by an equal combination of the three channels with the same interval
spacing as the individual primary ramps. A second set, a grid of 125 samples, 5x5x5, was
generated by regular sampling from the digital count space.
As will be described in the visual experiment, a pair of images, each 125mm 
87mm, with a 75mm gap between them, was displayed on the LCD on a black
background in a paired-comparison experiment. A pair of uniform patches, with color
corresponding to each element of the two sample sets, with the same size and orientation
as the pair of images used in the visual experiment was displayed on a black background.
Both patches were measured and averaged using a Photo Research PR650
spectroradiometer in a dark environment. The tristimulus values of red, green, and blue
ramps for the 1931 standard observer were calculated from measured spectral radiance
values. These tristimulus values, XYZ, were converted to radiometric scalars, RGB, using
Equation (2-6). The radiometric scalars of the three ramps and corresponding digital
counts were used to build three one-dimensional look-up tables, described in Equation
(2-7), using linear interpolation. In the next step, digital counts of all samples (in both
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data sets) were mapped to radiometric scalars using the generated look-up tables. Mapped
radiometric scalars were transformed to tristimulus values as stated by Equation (2-4).
The average E00 color difference between calculated and measured tristimulus values
was computed. Coefficients of the 34 transformation matrix of Equation (2-4) were
adjusted through a nonlinear optimization process aimed to minimize the average E00
color difference between the measured and computed tristimulus values [Berns 2003,
Day 2004]. After each adjustment to the transformation matrix of Equation (2-4), the
three look up tables were also updated. The radiometric scalars were constrained between
zero and unity during the optimization process.
Table 2-1 lists the colorimetric results from the LCD characterization model for
the identical dataset used by Day, et al. [Day 2004]. The colorimetric characterizations
had excellent performance; the average E00 color difference for the primary ramps was
0.4 with a maximum of 0.8 and comparable to the results reported by Day, et al [Day
2004].
 
The average E00 color difference for all 168 samples was 0.9. The relatively
small values of the 90th percentile, 0.6, and maximum E00 color difference, 0.8, shown
in Table 2-1, are evidence of an acceptable characterization process. Figure 2-2 presents
the color differences histogram. It should be stated that because of the excellent forward
model results and past experiences using this display in visual experiments, the inverse
model was not evaluated.
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Table 2-1. Summary of colorimetric characterization results for LCD display for the
1931 standard observer.
Mean E00 Max E00 90th percentile E00
All Samples 0.9 2.4 1.6
Primary ramps 0.4 0.8 0.6
















Figure 2-2. Histogram of E00 color difference for the LCD colorimetric characterization
between measured and estimated data for all 168 samples.
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2.3 DLP Colorimetric Characterization
A Plus Data Projector U4-232 from Plus Vision Corp., driven by a Dual 2GHz PowerPC
G5 Apple computer, was used to project a rendered version of the original colorimetric
image on the screen. This projector uses Digital Light Processing (DLP) technology and
had a resolution of 1024x768. We will call this projector the DLP projector through the
rest of this article. The DLP projector has four primaries: red, green, blue, and white. The
fourth primary has been added to increase the luminous output of this display device. It
was set to its “standard mode” during both the characterization and visual experiment.
Primary ramps of red, green, blue, and gray (i.e. dr=dg=db) were sampled with an interval
of five digital counts in the range of 10 to 245 and sampling intervals of one digital count
at the two ends (less than 10 and greater than 245). For each sample, a rectangular
uniform patch with a size of 615x470 pixels (about 60% of screen size) was displayed on
the center of the screen in the dark room and measured by a Photo Research PR650
spectroradiometer. The remainder of the screen was set to black. In addition to the
primary ramps, a set of 1000 samples was similarly projected and measured. Similar to
LCDs, the OECFs of the DLP projector were modeled by look-up tables; there were three
look-up tables, LUTs, for red, green, and blue channels and an additional LUT for the
white channel (Equation 2-9). The spectral radiance of the red, green, and blue ramps and
the maximum outputs of each channel were used to calculate tristimulus values and
radiometric scalars, for example R= (X  XK ) XR
c . Similar to the LCD, the radiometric
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scalars were constrained between zero and unity. Analogous to LCD characterization,
linear interpolation was utilized in populating the look-up tables.
The color differences, E00, for the 1000 samples from the projector forward
model for the 1931 standard observer were calculated and Table (2-2) presents
corresponding mean, maximum, and 90th percentile values. Computed mean color
difference was about unity. Although the maximum color difference was 8.4, the 90th
percentile value of 1.6 shows that most of the color difference values were relatively
small compared to the maximum value. Figure 2-3 presents a histogram of color
difference values. More inspection revealed that there were 10 samples with color
difference values greater than 5 units. Because of small value of the mean color
difference for the forward model the inverse model was not evaluated.














Figure 2-3. Histogram of E 00 color difference for the projector colorimetric
characterization between measured and estimated data for all 1000 samples.
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Table 2-2. Summary of characterization results for DLP projector for the 1931 standard
observer.
Display Mean E00 Max E00 90th percentile E00
Plus Data Projector U4-232 1.0 8.4 1.6
2.4 An Exploratory Visual Experiment
A colorimetric image of Georges Seurat’s, “Sunday Afternoon on the Island of La
Grande Jatte – 1884,” was used as the experimental stimulus [Berns 2004]. It was
selected because of its large size (206 cm  305 cm), low contrast, and its spatial
characteristics. The image was cropped so when projected, had the same size as the actual
painting. Using the inverse models described above, the colorimetric image of the
painting was rendered for the DLP display and projected on the screen in a dark
environment, forming the reference image. The background and surround of the reference
image were set to black. The DLP projector had more luminous power than the LCD. In
order to keep the same luminance level on the LCD and projector screen, all renderings
were performed using the white point of the LCD (otherwise there would be colors that
the projector could generate but the LCD could not display). The physical size and
resolution of the projected image on the screen were 150cm X 100cm and 1024x768
pixels, respectively. The LCD and DLP screen were positioned at a 180° angle from one
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another as shown in Figure 2-4. The observer was standing 50cm from the LCD display
and about 200 cm from the screen. A pair of images, each 125mm X 87mm, was
displayed on the LCD with a black background. Each image consisted of 1000x700
pixels and there was a 75mm gap between the two images. As will be described in the
image processing section, 10 images were prepared and all different pairs consisting of
these 10 images, a total number of 45 pairs, (10x9)/2=45, were generated. All pairs were
presented to the observers in a random order and the observer task was to select one of
the images in each pair that best matched the reference projected image. Due to the
specific experimental arrangement, an observer could not see both the LCD and screen at
the same time and the selection of the image was based on short-term memory matching.
Twenty observers participated in the experiment.
Figure 2-4. Arrangement of scene and equipment in the psychophysical experiment.
75
2.5 Image Processing
The original colorimetric image was encoded as 16-bit LAB TIFF. As described in the
introduction section, Xiao and coworkers have reported an increase of lightness and
chroma, but no effect on hue, for an increase in sample size for uniform patches [Xiao
2003, 2004]. Hence, two image attributes, lightness and chroma, were selected for further
processing. The LCD white point was selected for all image rendering to maintain the
same luminance level on both LCD and DLP output. Figure 2-5 presents the general
flowchart of test and reference image preparation.
Figure 2-5. General flowchart of test and reference image preparation.
The original LAB image was converted to tristimulus values using the LCD white
point. The absolute tristimulus values were transformed to digital signals through the
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projector inverse model. This image was stored as the reference image and projected. For
the LCD, lightness and chroma of the original LAB image were rescaled. The new
images generated from the modification of lightness or chroma were converted to
absolute tristimulus values and the inverse LCD model was used to calculate digital
signals. Figure 2-6 shows histograms of lightness and chroma of the original colorimetric
image.






























Figure 2-6. Histogram of lightness L*, and chroma C*ab of colorimetric image.
Lightness is one of the most important attributes of an image. Linear rescaling of
lightness is a simple and fast algorithm that maps input CIELAB lightness values to new




(100  Lmo) + Lmo (2-23)
77
where Lin is lightness of the input for each pixel and Lout is mapped lightness for the
output image. (The “*” superscript is omitted for clarity.) The Lmi and Lmo are minimum
lightness in the input and output images, respectively.  In other words, the input range of
{Lmi, 100} in the source image was rescaled to the range of {Lmo, 100} for the output
image. For this experiment, Lmo was assigned to values of 10, 15, and 25, and then based
on equation (2-15), three images with the same chroma and hue but different lightness
values were generated. Figure 2-7 presents the transformation functions for linear
rescaling of lightness and the corresponding histograms of the output images. As can be
seen, the linear rescaling functions with Lmo equal to 10 and 15 results in images darker
than the original image while the transformation with Lmo equal to 25 produced an image
lighter than the original image.
Linear rescaling was also employed to transform chroma of the original image. In




(Cmxi Cmo) + Cmo (2-24)
where Cin is CIELAB chroma values for each pixel of the original image and Cout is the
linearly rescaled chroma. (The “ab” subscript and “*” superscript are omitted for clarity.)
The Cmi and Cmxi are minimum and maximum values of chroma in the original image,
respectively. The desired minimum value of chroma in the output image was assigned to
the Cmo. The linear rescaling presented by equation (2-16) remaps the input chroma {Cmi,
Cmxi} to output range of {Cmo, Cmxi}. Figure 2-8 presents two linear rescaling
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transformation functions and the resulting histograms for minimum chroma values of Cmo
=1 and Cmo =5. As it can be seen from Figure 2-8, both linear rescaling functions
increased chroma values compared to the original image.
Sigmoidal lightness rescaling is another lightness remapping strategy [Braun
1999]. This transformation function is derived from a discrete cumulative normal








where L0 and    are mean and standard deviations of the normal distribution. The shape
of the function is controlled by mean L0 and standard deviation . The L0 controls
centering of the sigmoid and  controls the slope of the sigmoid curve Figure 2-9 shows
two sigmoidal transformation functions and corresponding histograms with L0 equal to 40
and  assigned to 30 and 50. As seen from Figure 2-9, the sigmoidal rescaling with 
value of 50 remaps lightness of the original image to higher values in the output image.
The sigmoidal function with  of 30, increases L* values between 30 and 85, while it
decreases lightness for values less than 30.
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Figure 2-7. Transformation functions and corresponding histograms of linear rescaling
of lightness with minimum lightness of L*=10, 15, and 25.
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Figure 2-8. Transformation function and corresponding histogram of linear rescaling of
chroma with minimum value of C*ab =1 and 5.
The CIELAB data of the original image were converted to tristimulus values (X,
Y, Z) using the LCD white point. The Y values were scaled in a way that the maximum
values of Y could be equal to unity and then followed by processing through a power law
as shown in equation (2-18):





where Yi and Yo are luminance factors of input and processed images, respectively (the
‘max’ subscript denotes for the maximum). The  is a power factor which was set to a
value of 1.3 to see the effect of a nonlinear decrease of Y on the image appearance. The
modified tristimulus values were converted back to CIE L*, a*, b*. Figure 2-10 shows
the corresponding transformation in terms of CIE L* and the resulting histogram. This
transformation had a darkening effect on the processed image. This effect was more
pronounced in the lower values of lightness.
A spatial filtering was applied to the original image using Adobe Photoshop CS
version 8.0. The crystallize filter with a cell size of 3 was applied to the image to produce
an output image with less resolution and larger pixels. It is important to note that no color
processing such as lightness or chroma rescaling were applied to this image. Therefore
this image had the basic colorimetric nature as the reference image.
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Figure 2-9.  Transformation functions and corresponding histograms of sigmoidal
rescaling of lightness, L*, with mean value of L*=40 and standard deviation values of 30
and 50.
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Figure 2-10. Transformation function and corresponding histogram for the power law
processing ( = 1.3).
Table 2-3 summarizes the image processing algorithms used in this research.
Images 1 through 10 will be referred in the rest of this article as described in Table 2-3.
In order to present the effect of each processing algorithm, a portion of images processed
by the different algorithms are shown in Table 2-3.
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Table 2-3. Summary of image processing algorithms.
Image 1. No image  processing, just
colorimetric rendering.
Image 2. Lightness Sigmoidal rescaling,
L*=40,  =30, followed by colorimetric
rendering.
Image 3. Lightness Sigmoidal rescaling,
L*=40,     =50, followed by colorimetric
rendering.
Image 4. Lightness Linear scaling with
minimum  L*=10 then followed by
colorimetric rendering.
Image 5. Lightness Linear scaling with
minimum L*=15 then followed by
colorimetric rendering.
Image 6. Lightness Linear scaling with
minimum L*=25 then followed by
colorimetric rendering.
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Table 2-4 continued: Summary of image processing algorithms.
Image 7. Power law processing on Y then
followed by colorimetric rendering.
Image 8. Chroma Linear scaling with
minimum Cab
* =1 then followed by
colorimetric rendering.
Image 9. Chroma Linear scaling with
minimum Cab
* =5 then followed by
colorimetric rendering.
Image 10. Photoshop crystallize command
then followed by colorimetric rendering.
2.6 Results and Discussion
Vision is one of the human perceptions that are studied by the tools of psychophysics. As
discussed in Chapter 1, the nominal, ordinal, interval, and ratio scales are four key types
of magnitude scales resulting from psychophysical experiments [Engeldrum 2000]. The
simplest type, the nominal scale, is just used to name items while ordinal scales are used
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to name and sort items in ascending or descending orders. The ordinal scales may or may
not be spaced evenly. Logical operations such as greater-than, less-than, or equal-to can
be performed with ordinal scales. The interval scale is an ordinal scale with equal
intervals. There is no meaningful zero point on the interval scale. Logical operations,
addition, and subtraction can be performed with interval scales. The ratio scales are
interval scales with a meaningful zero point. All mathematical operations mentioned for
previous scales can be performed with ratio scales. Furthermore, multiplication and
division can be performed as well. In the paired-comparison method, used in this
experiment, a one-dimensional interval scale was developed.
All possible pairs of test images, 45 pairs, were presented to the observers on the
LCD display. The observers were asked to select one image in each pair that was judged
as a better match to the reference image on the screen. The proportional number of times
that an image was chosen versus the other images was recorded. Thurston’s Law of
Comparative Judgments, Case V, was used to calculate the interval scales from the
proportionality data [Engeldrum 2000]. A 95% confidence limit was also calculated for
each image [Montag 2004]. Figure 2-11 presents the interval scales and corresponding
95% confidence limits for the 10 images used in the experiment: the larger the interval
scale value, the closer the match to the reference image. For example, image 3 was
selected as a closer match to the reference image and had a larger interval scale value
than image 4. The interval scale values of test images were in the range of –1 to 0.6. This
range was large enough that one could differentiate between interval scale values. In
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other words, observers could distinguish the quality of appearance-matching of test
images to the reference image. Therefore the technique used in this experiment was
successful in generating an interval scale correlated to the appearance-matching of test
images to the reference image. The image made using the Photoshop crystallize
command was not statistically different from the colorimetric version of the reference
image; both had the same interval scale value. This implies that the difference in





















































































Figure 2-11. Interval scales and corresponding 95% confidence limits based on visual
experiment.
The lightness linear rescaling with minimum L* value of 25 had a higher scale
value than the others. This image was also statistically different from the original
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colorimetric rendered image since the 95% confidence limits were not overlapping.
Therefore this image was selected as a closer match to the original image on the screen
than the colorimetric version. A trend of increasing interval scales with an increase of
minimum L* value was seen for linear lightness rescaling (images 4, 5,and 6). The image
generated based on minimum L* value of 10 (image 4) had the smallest scale value and
that with minimum L* value of 25 (image 6) had the largest interval scale value within
the linear rescaling set. The image rendered based on power function processing on
luminance factor was selected less than all the other images and had the smallest interval
values among all the other values.  Since the power function darkened the image as
shown in Figure 2-10, the results were not surprising and was consistent with Xiao
[2004]. In a general sense, an increase in lightness on test images generated a better
appearance match to the reference image. Linear rescaling of chroma with minimum Cmo
=1 (image 8) was not statistically different from the colorimetric rendered image of the
target. The extra increase in the minimum chroma produced a poorer matching image to
the projected image on the screen and hence the interval scale for the image rendered
with Cmo =5 (image 9) was reduced. Therefore an increase in lightness but not chroma
could generate a closer match to the reference image.
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2.7 Conclusions
The experimental approach proved successful in evaluating the effect of image size on
color appearance. Both displays had good colorimetric characterization accuracy. The
short-term memory matching did not result in excessively large confidence limits. In fact,
by having 20 observers performing the experiment, the limits were typical of paired-
comparison experiments using a single display and adjacent images. There was sufficient
difference between interval scale values that one could differentiate among them. The
observers found that colorimetrically matching images of different size could be made to
more closely match in appearance by image manipulation. In particular, changes in
lightness in which lightness was linearly increased and rescaled were preferred over other
tested algorithms. This result was consistent with previous experiments comparing small
paint chips with painted walls. In both cases, size enlargement caused an increase in
perceived lightness.
It is a common practice to render an image of a large painting to a smaller size. In
such cases, a colorimetric reproduction of a large painting should be remapped such that
the minimum lightness is increased when reproduced on display in a smaller size.
The most selected image, the linearly rescaled image for the increase of CIELAB
lightness (image 6), as well as the original colorimetric image of the painting (image 1)
are presented in Figure 2-12. A three times larger version of the colorimetric image is
also presented in Figure 2-12.
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In the next sections achromatic and chromatic contrast matching of images with
different size, contrast and mean luminance levels were explored to further the study of
the effect of size on the lightness and chroma. In this way one could collect observer
responses and establish a relationship between image size, lightness, and chroma of an
image. Ultimately, the goal is to develop a fundamental understanding of the effect of
image size on color appearance.
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Colorimetric (3X)
Colorimetric Linear increase of CIELAB lightness
Figure 2-12. Bottom row: Colorimetric image of the painting (image1) and the linearly
rescaled image for an increase in CIELAB lightness (image 6). Top: A three times larger
version of the colorimetric image shown in the bottom left.
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3 ACHROMATIC CONTRAST MATCHING AND
ADJUSTMENT OF MEAN LUMINACE
In order to develop a better understanding of the effect of image size on color appearance,
a digital projector and LCD display were colorimetrically characterized and used in a
series of contrast matching experiments. Two set of images, Gabor and noise patterns,
were rendered for both displays and observers adjusted the mean luminance level and
contrast of images on the projector screen to match the images displayed on the LCD.
This chapter details visual experiments performed to study the effect of image size on
mean luminance and contrasts of achromatic patterns.
3.1 Matching Experiment using Gabor Patterns
Perceived contrast is one of the perceptual attributes of an image. Michelson contrast,
Weber fraction, and root-mean-square contrast are examples of metrics proposed for
quantifying this perceptual attribute [Peli 1990]. Sinusoid patterns at suprathreshold have
been studied for their apparent contrast. It has been reported that two suprathreshold
patterns generally match in apparent contrast if their physical contrast are equal, even
when they have large differences in their contrast thresholds. This phenomenon is termed
“contrast constancy.” [Georgeson 1975] In other words, if a test and a standard with
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different spatial frequencies have equal physical contrast and mean luminance, then their
apparent contrast will match.
3.1.1 Stimuli Generation
A sine wave pattern is a traditional stimulus used in experiments of contrast matching and
visual sensitivity measurements [Georgeson 1990, Kelly 1994]. The Gabor pattern is a
variation of the sinusoid pattern, which is a modulation of the sine wave pattern by a
radially symmetric Gaussian function. In this way the sine wave pattern fades from its
maximum and minimum values to its mean value.
A Gabor image with a resolution of 3300x3300 was computed by multiplication
of a sine-wave image and a radially symmetric Gaussian function. There were 30 full
sinusoid cycles in the sine-wave image. The Gaussian image was generated using Matlab
low-pass filter function, ’fspecial’, with parameters of 3300 and 528 for the filter-window
size and standard deviation, respectively. Pixel values, g(n1,n2), within a filter-window
were calculated based on Equations (3-1) and (3-2):
f (n1,n2) = e








where n1 and n2 were filter-window sizes and  was the standard deviation. A
square window was used in this experiment (n1=n2=3300 and =528.) The resulting
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Gaussian image was normalized to its maximum value to generate an image in the range
of [0, 1]. Therefore the Gabor image, Hg, had values in the range of [-1, +1]. The Gabor,
sine-wave, and Gaussian images are shown in Figure 3-1. One could normalize the Gabor








where Lmin and Lmax were desired minimum and  maximum values, respectively.
Contrast of a periodic pattern such as sinusoidal grating can be measured by the
Michelson formula [Kelly 1994], which is expressed in Equation (3-4):
Mc =
Lmax  Lmin
Lmax + Lmin  (3-4)
where Mc is Michelson contrast and Lmin and Lmax are minimum and  maximum
luminance value, in the pattern, respectively. Three Gabor patterns corresponding to three
ranges of CIELAB lightness of [25, 75], [10, 90], and [47.5, 62.5] were computed based
on the Hg using Equation (3-3). The three Gabor images had contrast levels of 0.97, 0.84,
and 0.30 and were rendered for LCD display using the LCD inverse model. It is
important to note that reported contrast values were based on calculations using



















































































































































































For each contrast level, using the nearest-neighbor interpolation technique, applied by the
Matlab ’imresize’ function, four images at resolutions of 350x350, 700x700, 1400x1400,
and 2100x2100 pixels were populated. These corresponded to retinal subtenses of
approximately 5, 10, 20, and 29 degrees of visual angle, although strict viewing distances
were not fixed in order to approximate the natural viewing conditions in a museum
setting. In this way a total of 12 images were prepared. Table 3-1 summarizes
specifications of the 12 images rendered for the LCD display. An example of a Gabor
pattern rendered for LCD display with a resolution of 700x700 with a minimum and
maximum CIELAB lightness of 25 and 75 is presented in Figure 3-2. The lightness
values of this example, in CIEL*, along the horizontal axis of symmetry are also plotted
in Figure 3-2.
Using the LCD white point and inverse model of the digital projector (described
below), images numbered 2, 6, and 10, from Table 3-1, were also rendered for the
projector display. Therefore, for each image on the screen, four images with the same
contrast but with different sizes were rendered and displayed on the LCD display. Images
on the screen had a fixed physical size of 100cm X 100cm that corresponded to a visual
angle of about 28 degree. Therefore, the LCD images had approximate magnifications
1X, 2/3X, 1/3X, and 1/6X compared to the screen images. Sample images of patterns
rendered for LCD display with a CIEL* range of [25, 75], images numbered 5 to 8, from
Table 3-1, are presented in Figure 3-3. Corresponding Gabor pattern rendered for DLP
display is shown in Figure 3-4. The distribution of CIEL* for this pattern is presented in
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Figure 3-5-A. It should be noted that the white point of the LCD display was used in the
renderings of all images to equalize maximum luminance level for both LCD and DLP
displays.













1 350x350 43.6 2.1 - 165.8 10 – 90 0.97
2 700x700 87.2 2.1 - 165.8 10 – 90 0.97
3 1400x1400 174.3 2.1 - 165.8 10 – 90 0.97
4 2100x2100 261.5 2.1 - 165.8 10 – 90 0.97
5 350x350 43.6 9.6 - 107.3 25 – 75 0.84
6 700x700 87.2 9.6 - 107.3 25 – 75 0.84
7 1400x1400 174.3 9.6 - 107.3 25 – 75 0.84
8 2100x2100 261.5 9.6 - 107.3 25 – 75 0.84
9 350x350 43.6 38.3 - 70.4 47.5 - 62.5 0.30
10 700x700 87.2 38.3 - 70.4 47.5 - 62.5 0.30
11 1400x1400 174.3 38.3 - 70.4 47.5 - 62.5 0.30
12 2100x2100 261.5 38.3 - 70.4 47.5 - 62.5 0.30
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Figure 3-2. An example of a Gabor pattern and its CIE L* along the horizontal axis of
symmetry (the axis of symmetry is shown by the solid black line in the image).
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Figure 3-3. Examples of Gabor patterns rendered for LCD display for 1X, 2/3X, 1/3X,
and 1/6X magnification levels. The Gabor patterns had minimum and maximum CIELAB
lightness of 25 and 75, respectively.
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Figure 3-4. Gabor pattern rendered for DLP display with minimum and maximum
CIELAB lightness of 25 and 75, respectively.
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Figure 3-5. Examples of histograms of CIEL*; A: original test pattern with CIEL* in the
range of [25, 75] displayed on screen; B: Mean luminance was increased for 8 units of
CIEL*; C: Five units of CIEL* was added to maximum and subtracted from the minimum
lightness values to increase image contrast; D: combined effect of B and C.
3.1.2 Characterization of Devices
The same LCD and DLP displays utilized in the exploratory experiment, an IBM
T221LCD and a Plus Data Projector U4-232, were used in this experiment. The same
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characterization as described in Sections 2.2 and 2.3 was performed. The DLP projector
was set to its factory standard mode during the experiment. Table 3-2 lists colorimetric
results for the LCD and DLP displays. As it can be seen from Table 3-2, both
colorimetric characterizations of the DLP and LCD had good performance.
Table 3-2. Summary of characterization results for LCD display and DLP projector for
the 1931 standard observer.
Display Mean E00 Max E00 90 percentile E00
LCD Display 0.9 2.4 1.6
DLP Projector 1.0 8.4 1.6
3.1.3 Psychophysical Experiment
 Twenty observers participated in the experiment. Using the method of adjustment, a
contrast matching experiment was performed in a dark environment. The three Gabor
patterns at contrast levels of 0.97, 0.84, and 0.30 were rendered and projected on a screen
by the DLP projector. Each observer adjusted 12 images on the screen to match the
corresponding LCD images. For example an image with a contrast value of 0.84 on the
screen was compared and adjusted to four images of the same contrast but with sizes of
43.6, 87.2, 174.3, and 261.5 mm on the LCD display. Observers were asked to match the
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appearance of images on the LCD and screen by adjusting the mean luminance level and
contrast of the image displayed on the screen using a ShuttleXpress dialer.
The ShuttleXpress dialer had two knobs on it. By turning the outer knob in
clockwise or counter clockwise direction, observers could increase or decrease mean
luminance of the test patterns on the DLP display. An example of CIEL* mapping from
LCD to DLP screen for an image pattern with CIEL* in the range of [25, 75] is presented
in Figure 3-6. If there was no adjustment then all CIEL* values on DLP and LCD would
have the same values and mapping curve from LCD to DLP display would be a straight
line such as the segment line AB. Points A and B in Figure 3-6 corresponded to the
minimum and maximum lightness values of the test pattern. In this example, by turning
the outer dialer in clockwise direction, an intercept of 8 units of CIEL* was added to both
A and B. Therefore, the new mapping curve, segment CD, could easily be calculated:
LC = LA + L
LD = LB + L
(3-5)
where LA and LB are minimum and maximum CIEL* lightness values before adjustment
and LC and LD are corresponding adjusted values. The L is the increment or decrement
applied on CIEL* lightness which in this example was equal to +8. The L could be
positive or negative, depending on turning direction of the knob, with a step size of 0.2
unit of CIEL*. In this way any lightness value such as Li was mapped to Lo as stated in
Equation (3-6):
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Lo = (Li  LA ) 
(LD  LC )
(LB  LA )
+ LC (3-6)
The resulting image in this example, the linearly rescaled Gabor pattern, is presented in
Figure 3-7 and its CIEL* histogram is shown in Figure 3-5-B. Comparing histograms in
Figure 3-5-A and 3-5-B, one can see that an increase in mean luminance of the pattern
caused a horizontal shift in its histogram. The histogram was shifted for 8 units to the
right in this example covering the range of [33, 83].






























Figure 3-6. Observers could adjust mean luminance of test patterns by the outer knob of
the dialer. In this example mean luminance was increased for 8 units.
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Figure 3-7. Adjusted Gabor pattern on the DLP display corresponding to the lightness-
mapping curve, CD, shown in Figure 3-6.
Observers could change contrast of a test image on the DLP display by
adjustment of the inner knob on the ShuttleXpress dialer. By turning the inner knob in
clockwise direction one could add a L to the maximum CIEL* lightness of the test
pattern and subtracted the same L from the minimum. This is stated in Equation (3-7):
LC = LA L
LD = LB + L
(3-7)
where LA and LB are minimum and maximum CIEL* lightness values before adjustment
and LC and LD are corresponding adjusted values. Conversely a counterclockwise turn
would subtract a L from the maximum and add the same L to the minimum.
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For an increment of L, Michelson contrast of the pattern would change by an
amount of 
2L
(LB + LA )
 as described in Equations (3-8) to (3-10):
McAB =
(LB  LA )
(LB + LA )
(3-8)
McCD =
(LD  LC )
(LD + LC )
(3-9)
substituting LC and LD from Equation (3-7) into (3-9):
McCD =
(LD  LC )
(LD + LC )
=
(LB + L  LA + L)
(LB + L + LA L)
= McAB +
2L
(LB + LA )
(3-10)
 where McAB and McCD are Michelson contrast before and after adjustment, respectively.
In this way a clockwise turn, positive L, would increase contrast and a
counterclockwise, negative L, would decrease contrast. The L had a step size of 0.2
units of CIEL*. In the example presented in Figure 3-8, contrast of a test pattern was
increased by turning the inner knob in clockwise direction to make a L of +5 units of
CIEL*. The new mapping curve, segment CD, had a higher slope. In other words, the
resulting image had a higher contrast. The corresponding modified image and its CIEL*
histogram are shown in Figure 3-9 and 3-5-C, respectively. The histogram was extended
from the range of [25, 75] to a range of [20, 80] but had the same mean value (L*=50.)
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Figure 3-8. Observers could adjust contrast of test patterns by the inner knob of the
dialer. In this example 5 units of CIEL* was added to the maximum and subtracted from
the minimum lightness values to increase image contrast.
Figure 3-9. Adjusted Gabor pattern on the DLP display corresponding to the lightness-
mapping curve, CD, shown in Figure 3-8.
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A simultaneous change of mean luminance and contrast is demonstrated in Figure
3-10 where the test image, shown in Figure 3-4, with a mean luminance of 50 and a range
of lightness of [25, 75] was adjusted to a higher mean luminance and contrast. Five units
of CIEL* was added to the maximum and subtracted from the minimum lightness values
to increase image contrast and then an intercept of 8 units of CIEL* was added to all
pixel values to make the image brighter. The new mapping curve, segment CD, is plotted
in Figure 3-10. The processed image and corresponding CIEL* histogram are presented
in Figures 3-10 and 3-5-D. In comparison to the histogram of the original image, plotted
in Figure 3-5-A, the histogram of the adjusted image shifted to right and covered a wider
range of CIEL*.





























Figure 3-10. An example of simultaneous adjustment of luminance and contrast. The
contrast and mean luminance of the image on DLP display were increased.
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Figure 3-11. Adjusted Gabor pattern on the DLP display corresponding to the lightness-
mapping curve, CD, shown in Figure 3-10.
Each observer adjusted 12 images on the screen to match the corresponding LCD
images. Pairs were selected in a random order from the available 12 pairs. Furthermore,
the test image on the screen had an initial contrast and mean luminance level selected
from a uniform random distribution in the range of [-20%, +20%] of the original values.
There was an interval of 10 seconds between each adjustment, which was controlled by
the data collection software. Observers were asked to ignore artifacts caused by aliasing.
All images on the LCD display and screen had a white margin as shown in Figure 3-3
and 3-4. The background and surround of the images on the screen and LCD display were
set to a black color. The LCD display and DLP screen were positioned at a 180° angle
from one another shown in Figure 3-12. The observer was standing 50 cm from the LCD
110
display and about 200 cm from the screen. Observer responses were saved as data files
and used to redisplay and measure the minimum, maximum, and mean luminance values
with the PR650 spectroradiometer.
Figure 3-12. Arrangement of scene and equipment in the psychophysical experiment.
3.1.4 Results and Discussion
The minimum and maximum luminance values measured from observer responses were
used to calculate contrast according to Equation (3-4) for adjusted images (projected on
screen). The mean of adjusted contrasts was calculated for each image size. For a Simple
Random Sample (SRS) of size n, one can construct a confidence interval of (1-) as





 t(1 ) 2 (3-11)
where x  and s are mean and standard deviation of the sample, respectively. The t(1-)/2 is
the (1-)/2 critical value of the t-distribution function for (n-1) degree of freedom
[Anderson 1999]. In this way a 95% confidence interval,  = 0.05, was computed for
each mean value. Figure 3-13 shows the mean of the adjusted contrast and corresponding
95% confidence limits for the projected images versus size of the images displayed on the
LCD for three contrast levels.
As seen in Figure 3-13, for contrast values of 0.84 and 0.3, there was an increase
of contrast for adjusted images when image size was decreased on the LCD display. The
smaller the image on the LCD, the higher the adjusted contrast for images on the screen.
However, a significant increase for adjusted contrast was not observed for the high
contrast images. Figure 3-14 presents the same data in another way, the adjusted contrast
of images on the screen versus contrast of the corresponding images on the LCD display.
For contrast values of less than 0.85, the contrast of images with different sizes displayed
on the LCD were mapped to different contrast values for images on the screen but were











44 87 131 174 218 261
1/6x 1/3x 2/3x 1x
Figure 3-13. Mean of adjusted contrast of images projected on screen versus the size of
images displayed on the LCD for three contrast levels. Solid blue line with circle:
contrast = 0.97; solid red line with square: contrast = 0.84; solid magenta line with
diamond: contrast = 0.3. Error bars present 95% confidence limits for mean values.
Figure 3-15 shows the mean luminance levels of the adjusted images on the
screen versus the size of the corresponding images displayed on the LCD for the three
contrast levels. The mean luminance level of the images displayed on the LCD, 42.65
cd/m
2
 corresponding to the CIE L* 50, is also shown as a dashed line. For each mean
value, a 95% confidence interval was computed and shown as error-bars in Figure 3-15.
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Figure 3-14.  Mean of adjusted contrast of images displayed on the DLP projector versus
contrast of the same images on the LCD display for different image sizes. Line with
circle: size = 43.6 mm; line with square: size = 87.2 mm; line with triangle: size = 174.3
mm; line with diamond: size = 261.5 mm.
For images of contrast values of 0.97 and 0.84, the mean luminance values of the
projected images were reduced compared to displayed images on the LCD. This decrease
in mean luminance value was more pronounced in the case of smaller images on the
LCD. For low contrast images, contrast value of 0.30, the same trend was seen for
adjusted images compared to LCD images with size of 1/6X and 1/3X, but the mean
luminance values of the adjusted images were not statistically different from
corresponding values of images on the LCD with a size of 2/3X and 1X (confidence
intervals overlap with the dashed line).In the experiment described in chapter 2,
[Nezamabadi 2005], the lightness of the image on the LCD was increased compared to
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the image on screen which is in agreement with the decrease in luminance level in the
adjusted image on screen in this experiment. Xiao and coworkers, also have reported an
increase of lightness for an increase in sample size for uniform patches [Xiao 2003,
2004].


















Level of images on 
LCD
1/6x 1/3x 2/3x 1x
Figure 3-15. Mean luminance levels of adjusted images projected on screen versus size of
images displayed on the LCD for three contrast levels. Solid blue line with circle is for
contrast level of 0.97; solid red lines with square and solid magenta line with diamond
are for contrasts of 0.84 and 0.3, respectively. The mean luminance level of 42.65 cd/m2,
corresponding to the CIE L* 50, is also shown by the dashed line. Error bars represent
the 95% confidence intervals.
For this experiment an increase of physical contrast on projector screen images
was needed to achieve an equally perceived contrast on both displays and contrast
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constancy did not occur. However, the curves in Figure 3-13 flattened for higher contrast
values and for the highest contrast values, the images were almost contrast constant.
It is a common practice to render an image of a large painting to a smaller size. A
Gabor pattern, image numbered 10 in Table 1-1, rendered for projection on the DLP
screen is shown in the top row of Figure 3-16. The same pattern colorimetrically rendered
for LCD display is shown in bottom left. Results of this experiment suggested that a
colorimetric reproduction of the Gabor pattern for LCD display should be remapped such
that the mean luminance is increased and contrast is decreased. Such an image was
rendered for LCD and is presented at the bottom left of Figure 3-16.
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Image on DLP
Image on LCD Adjusted image rendered for LCD
Figure 3-16. Top: the low contrast Gabor pattern, image numbered 10 from Table 1-1,
rendered for DLP display; Bottom left: same pattern colorimetrically rendered for LCD;
Bottom right: same pattern colorimetrically rendered and also adjusted for the effect of
1/3X magnification for the LCD display.
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3.1.5 Conclusions
Both displays had good colorimetric characterization accuracy. It was shown that both
mean luminance level and contrast were affected by image size and hence image size
should be considered in softcopy reproduction. The method of adjustment utilized in this
experiment successfully showed a trend of the increase of contrast in adjusted images
versus the decrease of image size on the LCD display. For high contrast images this
increase in contrast was insignificant.
Compared to the mean luminance level of the LCD images, a reduction of the
mean luminance level of the adjusted images was observed. This decrease was more
pronounced for smaller images. Low contrast images with a size of 2/3X and 1X and
corresponding adjusted images on screen had the same mean luminance values. The
decrease in luminance level in the adjusted images on the projector screen is in agreement
with the result described experiment in which the lightness of the image on the LCD had
increased in order to make a match [Nezamabadi 2005].
Complete contrast constancy was not observed in this experiment. An increase of
physical contrast on screen images was needed to achieve an equal perceived contrast on
both displays. However, for the highest contrast images the required increase in contrast
was lower. The higher contrast the greater the degree of contrast constancy.
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3.2 Contrast Matching Experiments Using Noise Patterns
 In the exploratory experiment using a paired-comparison method, Chapter 2, it was
shown that a linear increase in lightness of a small image on a LCD display resulted in a
closer match to a large image projected on screen compared with the original colorimetric
rendered image, and was perceived as a more accurate reproduction than the majority of
algorithms tested.
In the pervious experiment, using Gabor patterns, the contrasts of the larger
images for the projector were boosted while their mean luminance values were decreased
relative to the smaller images on the LCD. In the following section a similar visual
experiment is described, where band-pass noise patterns were generated using three
cosine log filters and used in a contrast matching experiment. The main goal of this
experiment was to investigate the effect of image size on appearance for images with
different frequency contents. In this manner one can use the results of the experiment to
develop a multiscale model for image size compensation.
3.2.1 Multiscale model of visual system
In building a model accounting for the effect of image size difference on color images it
is necessary to consider both achromatic and chromatic attributes of an image.
Furthermore, a systematic way to collect data and incorporate them into a proper image
model is needed. A literature review on contrast and mechanisms of contrast perception
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addressed to the early works on spatial selectivity of human cells and the existence of
selectively sensitive spatial frequency neurons in the human visual system by Campbell
[1968] and Blakemore [1968]. In an approach by Maffei and Fiorentini [Maffei 1973],
the visual cortex was considered as a spatial frequency analyzer. The measured contrast
sensitivity function was considered as the envelope to multiple mechanisms whose
response characteristics were band-pass in the frequency domain [Wilson 1991, Losada
1994]. These mechanisms also changed with the level of illumination, which was
reflected in the change of contrast sensitivity with the change of illumination [Nes 1967].
Performing contrast matching using relatively simple stimuli such as band-pass noise
patterns in a controlled condition could provide information on the effect of image size
on mechanisms of the human visual system.
3.2.2 Cosine log filters
In image processing, Gaussian filters are attractive because of their mathematical
convenience in the transformation from the frequency to spatial domains. However, they
have several shortcomings, described by Watson [1987] and Field [1987]. Cosine log
filters are symmetric on a log frequency axis and are good approximations for Gaussian
filters. Furthermore, an image filtered by a bank of cosine log filters can be reconstructed
from its segments by a simple addition process [Peli 1990].
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where Fresp is response of a filter centered at  for the frequency range of f. Octave cosine
log filters were generated at center frequencies of 0.5, 2, and 8 cycles-per-degree (cpd)
for a range of 0 to 35 cycles-per-degree. An octave filter has half-width at the half and
double of the center frequency. For example, an octave filter centered at 2 cycles-per-
degree, shown by solid green line in Figure 3-17, has a half-width at 1 and 4 cycles-per-
degree. The filter response at frequencies lower than 0.5 cpd were set to unity for the
cosine log filter centered at 0.5. In a similar way, filter responses at frequencies higher
than 8 cpd were set to unity for filter centered at 8 cpd. In this way, the addition of three
filters at each frequency results in unity; in other words, the addition of the filtered
images results in the original image.
The filters centered at 0.5, 2, and 8 (cpd) are called low, medium, and high
frequency filters through the rest of this chapter. Using the one-dimensional filter the
corresponding radially symmetric two-dimensional filter was constructed. The center of
the two-dimensional filter corresponded to the zero frequency. As an example, the image
of an octave cosine log filter, centered at 2 cycles-per-degree, is presented in Figure 3-17.
Pixel by pixel multiplication of this image with the Fourier transfer of a test image would
result in a band-pass filtered image of the test sample in the frequency domain. Images
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corresponding to the octave filters centered at 0.5, 2, and 8 cpd are presented in Figure
3-19.























Figure 3-17. Frequency responses of octave filters centered at 0.5, 2, and 8 cycle-per-
degree, (cpd), of visual angle. For frequencies lower than 0.5 cpd and higher than 8 cpd,
filter responses were set to unity for filters centered at 0.5 and 8 cpd, respectively.
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Figure 3-18. Octave cosine log filter centered at 2 cycles-per-deg. Response of the filter
is plotted along its horizontal axis of symmetry.
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Figure 3-19. Images corresponding to low, medium, and high frequency octave cosine
log filters centered at 0.5, 2, and 8 (cpd), respectively. Top: low frequency; Bottom: high
frequency; Middle: medium frequency. The center of each image corresponded to the
zero frequency. Frequency range was [-35, 35] along the diagonal axis of each image.
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3.2.3 Noise pattern generation
Pixel values of an image with a resolution of 701  701 were assigned from a uniform
random distribution in the range of [0,1]. This noise image is called “white noise pattern”
in the rest of this chapter and denoted by matrix N. The white noise pattern and its
histogram are presented in Figure 3-20.














Figure 3-20. White noise pattern and histogram of its pixel values.
Base on the white noise pattern seven band-pass noise patterns were populated.
Flowchart of stimuli generation is presented in Figure 3-21. In the first step Discrete Fast
Fourier Transfer (DFFT) of the white noise image was computed and multiplied pixel by
pixel with the low, medium, or high frequency cosine log filters, described in Section
3.2.2, to generate corresponding filtered image in the frequency domain. The filtered
image was transferred back to spatial domain by computing its inverse DFFT. One could
125
linearly rescale a filtered image with a minimum and maximum values of LA and LB,
respectively, to a range of [LC, LD] using Equation (3-13):
Lo = (Li  LA ) 
(LD  LC )
(LB  LA )
+ LC (3-13)
where Li and Lo are pixel values before and after scaling, respectively. In this way the
low, medium, and high frequency filtered images were scaled to the ranges of [0.41,
0.59], [0.325, 0.675], [0.15, 0.85]. [0.16, 0.34], [0.075, 0.425], [0.66, 0.84], and [0.575,
0.925]. The resulting noise patterns for the ranges of [0.41, 0.59], [0.325, 0.675], and
[0.15, 0.85] had a mean value of 0.5. The mean of patterns with ranges of [0.16, 0.34]
and [0.075, 0.425] was equal to 0.25. The noise images with ranges of [0.66, 0.84] and
[0.575, 0.925] had a mean of 0.75.
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Figure 3-21. Flowchart of stimuli generation.
Each pixel value in a noise pattern was considered as a color coordinate in the
CIE L*a*b* space, with CIE L* equal to the pixel value scaled by a factor of 100 and
CIE a* and CIE b* values of zero. Using the DLP projector white point to equalize the
maximum luminance level for both LCD and DLP displays, noise images were rendered
by inverse characterization models of the LCD and DLP displays at three frequency
bands. Table 3-3 summarizes the specification of the seven generated noise patterns for
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one of the frequency bands. There were a total of 21 noise patterns, 3 bands  7 patterns
= 21.
Table 3-3. Summary of specification of seven generated noise patterns for one of the
frequency bands.
CIE L* Y (cd/m
2
)
No Minimum Lmean Maximum Ymin Ymean Ymax Michelson Contrast
1 16.0 25.0 34.0 3.61 8.08 15.36 0.62
2 41.0 50.0 59.0 22.55 33.98 49.68 0.38
3 66.0 75.0 84.0 63.49 86.17 110.93 0.27
4 7.5 25.0 42.5 1.37 8.07 24.11 0.89
5 32.5 50.0 67.5 14.08 33.90 67.40 0.65
6 57.5 75.0 92.5 47.12 85.56 137.32 0.49
7 15.0 50.0 85.0 3.22 34.00 113.57 0.94
Please note that calculated Michelson contrast in Table 3-4, as expressed in
Equation (3-4), was based on measured luminance value, Y (cd/m
2
), from the LCD using
the PR650 spectroradiometer. Displayed image on the screen had a physical size of
105cm  105cm and subtended a visual angle of about 30°. As examples, the low,
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medium, and high frequency noise images for ranges of [0.41, 0.59], [0.325, 0.675], and
[0.15, 0.85] and their corresponding histograms are shown in Figures 3-22 and 3-23.
Figure 3-22. Examples of the noise images. Top, middle, and bottom rows corresponded
to images numbered 2, 5, and 7 in Table 3-3, respectively. Left, middle, and right
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Figure 3-23. Histogram of the noise images presented in Figure 3-22.
Each of the noise patterns was rendered, using a nearest-neighbor interpolation
technique, applied by the Matlab ’imresize’ function, for three resolutions of 701  701,
1401  1401, 2101  2101, respectively. These three sizes corresponded to physical sizes
of 87, 174, 288 mm on the LCD, respectively, which corresponded to magnification
factors of 1/3X, 1/2X, and 1X, relative to the visual angle of the screen image. These
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corresponded to retinal subtenses of approximately 10, 15, and 29 degrees of visual
angle, although strict viewing distances were not fixed in order to approximate the natural
viewing conditions in a museum setting. In this way a total of 63 images, 3 bands  7
patterns  3 sizes = 63, were prepared.
3.2.4 Characterization of Devices
An IBM T221LCD display, with an area of 478 x 299 mm and resolution of
3840x2400 at a refresh rate of 12 Hz was used in this experiment. In order to get better
color uniformity across the projector screen an ASK Proxima M1 digital projector, driven
by a dual 2-GHz PowerPC Apple G5 computer, was used to project rendered versions of
the noise patterns. The ASK Proxima M1 projector used Digital Light Processing (DLP)
technology and had a native resolution of 1024x768 and is called the DLP projector
through the rest of this document. The LCD and DLP displays were characterized and
evaluated in the same way as in the previous experiments, described in Sections 2.2 and
2.3. The colorimetric results for the LCD and DLP displays are listed in Table 3-4. The
DLP projector was set to its factory standard mode during the experiment. Both
colorimetric characterizations of the DLP and LCD had good performance.
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Table 3-4. Summary of characterization results for the IBM T221 LCD display and ASK
Proxima M1-DLP projector for the 1931 standard observer.
Display Mean E00 Max E00
90 percentile
E00
IBM T221 LCD Display 0.9 2.3 1.7
ASK Proxima M1 DLP projector 0.8 2.5 1.3
3.2.5 Psychophysical experiment
Fourteen observers, five females and nine males, in the range of 23-61 years old,
participated in the contrast matching experiment conducted in a dark environment. The
contrast matching experiment was performed using the method of adjustment in the same
way as in the previous experiment, described in Section 3.1.3. The arrangement of
equipment was also the same as in the previous experiments, shown in Figures 3-24. In
other words, the LCD display and DLP screen were positioned at a 180º angle from one
another. The observer was standing 55 cm from the LCD display and about 200 cm from
the screen. The background and surround of the images on the screen and LCD display
were set to a black color.
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Figure 3-24. Experimental setup in contrast matching experiment.
Due to the specific experimental arrangement, an observer could not see both the
LCD and screen at the same time and the adjustments were based on short-term memory
matching. Observers were asked to match the appearance of images on the LCD and
screen by adjusting the mean luminance level and contrast of the image displayed on the
screen. As described in Section 3.1.3 observers adjusted the minimum and maximum of
the test pattern on the DLP screen to match the appearance of the image displayed on the
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LCD. The same ShuttleXpress dialer and adjustment mapping algorithms, described in
Section 3.1.3 were used in this experiment. Each observer adjusted 21 noise patterns at
three sizes, a total of 63, 213=63. For example a medium frequency filtered pattern,
image numbered 7 in Table 3-3, on the screen was compared and adjusted to three images
of the same contrast and mean luminance but with sizes of 288, 174, and 87 mm on the
LCD display, which corresponded to magnification factors of 1X, 1/2X, and 1/3X,
respectively. For this example, the images displayed on the LCD and DLP screen are
shown Figures 3-25 and 3-26, respectively.
Samples were presented to observers in a random order. The test image on the
screen had an initial contrast and mean luminance level selected from a uniform random
distribution within the range of [-20%, +20%] of their original values. There was an
interval of 10 seconds between each adjustment, which was controlled by the data
collection software. Observers were asked to ignore artifacts caused by aliasing. As
described in Section 3.1.3 observers could adjust contrast and mean luminance of a test
pattern, displayed on the screen, by changing its minimum and maximum; (changes were
applied based on Equation (3-5) to (3-7).) Two examples of adjustments are presented in
Figure 3-27 for a noise image with CIEL* in the range of [15, 85].  The mean luminance
and contrast of the test image was decreased as shown in the middle and bottom rows of
the Figure 3-27, respectively.
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Figure 3-25. Examples of patterns displayed on the LCD. Medium frequency filtered
pattern, image numbered 7 in Table 3-3, was displayed at magnification factors of 1X,
1/2X, and 1/3X on the LCD and compared to the image on the DLP screen (shown in
Figure 3-26.)
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Figure 3-26. An example of noise pattern displayed on the DLP screen. Medium
frequency filtered pattern, image numbered 7 in Table 3-3, was compared to the same
pattern displayed at magnification factors of 1X, 1/2X, and 1/3X on the LCD.
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Figure 3-27. Top: original test image with CIEL* lightness of [15, 85]; middle: mean
luminance was adjusted to CIEL* 45; bottom: contrast was decreased by adjustment of
the CIEL*minimum and maximum to [30, 70].
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3.2.6 Results and Discussion
For each observer, responses were saved as data files and used to redisplay and measure
the minimum, maximum, and mean luminance values with the PR650 spectroradiometer.
The mean luminance values of adjusted images were computed from the measured data
for each observer. Furthermore, measured minimum and maximum luminance values
were used to calculate Michelson contrast, using Equation (3-4), for each observer’s
adjustments. The mean of the adjusted contrast and mean luminance values were
computed and corresponding 95% confidence intervals were computed for the 14
observers using Equation (3-11), described in Section 3.1.4.
The mean of contrast values and corresponding 95% confidence intervals are
plotted in Figure 3-28. At each panel, the dashed line indicates the contrast of the LCD
image, which was fixed for three different sizes. Observers were adjusting the contrast of
DLP images compared to corresponding images on the LCD. Panels 3-28-A, 3-28-D, and
3-28-G correspond to noise patterns generated by the low frequency cosine log filter. A
trend of increase of contrast versus decrease of image size is seen for the low frequency
images as shown in panels 3-28-A, 3-28-D, and 3-28-G. An opposite trend is seen for the
high frequency case, presented in panels 3-28-C, 3-28-F, and 3-28-I, where contrast was
reduced for smaller images. In other words, the high frequency components were less
perceivable when an image on DLP screen was scaled down on the LCD display.
Conversely, low frequency noise patterns were perceived to have a higher contrast when
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Figure 3-28. Contrast adjustment of DLP images versus LCD images for 14 observers.
Panels A, D, G correspond to low frequency noise patterns, centered at 0.5 cpd, and
CIEL* values of 75, 50, and 25, respectively. Panels B, E, H correspond to medium
frequency noise patterns. Panels C, F, I correspond to high frequency noise patterns,
centered at 8 cpd. Dashed lines at each panel shows contrast of LCD images.
An image of a sinusoid pattern of 1 cycles-per-degree scaled down to one third of
its original size results in a sinusoid with 3 cycles-per-degree. In other words frequency
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component of the image in the frequency domain would shift from 1 cycles-per-degree to
the higher frequency of 3 cycles-per-degree. In the same way, the frequency components
of complex images such as noise patterns or paintings shift toward higher frequency
ranges when scaled down to a smaller size.
The visual cortex was considered as a spatial frequency analyzer [Maffei 1973],
and the measured contrast sensitivity function was considered as the envelope to multiple
mechanisms whose response characteristics were band-pass in the frequency domain
[Wilson 1991, Losada 1994]. A qualitative representation of contrast sensitivity function
is given in Figure 3-29-A. A low frequency pattern, located in the frequency range L,
would shift to a higher frequency range, M, when scaled to a smaller size. The smaller
and original images would be perceived based on the sensitivity of the visual mechanisms
located in the range M and L, respectively. If the sensitivity of mechanism M was higher
than L then one could expect the smaller image to have a higher perceived contrast than
the original image. The results of contrast adjustment of low frequency noise patterns
presented in panels 3-28-A, 3-28-D, and 3-28-G had a very similar trend; a trend of
increase of contrast versus decrease of image size.
A high frequency image and corresponding smaller image are shown in Figure
3-29-C. Scaling the high frequency image shifted it from frequency range of P to a higher
frequency range, Q. If mechanism Q had lower contrast sensitivity than P then the
smaller image would be perceived to have a lower contrast than the original image.
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Similarly, a trend of decrease of contrast versus decrease of image size was seen for the
high frequency noise images presented in panels 3-28-C, 3-28-F, and 3-28-I.
If an image and its smaller version were located in the plateau area of the
mechanism such as the case shown in Figure 3-29-C, then the smaller and original image
would be perceived approximately by the same sensitivity. In such cases, the original and
scaled image could have different or the same perceived contrast depending on the
difference in sensitivity from area N to O. Results shown in panels 3-28-B, 3-28-E, and
3-28-H implies that scaling medium frequency noise images to smaller sizes did not
change the perceived contrast significantly. The confidence intervals for the mean of the
most of adjusted contrast values in panels 3-28-B, 3-28-E, and 3-28-H were overlapping;
so they were not statistically different.
The results of contrast adjustment, shown in Figure 3-28, are in agreement with
the concept of multiple mechanisms whose response characteristics are band-pass in the
frequency domain. Actually, one could consider results presented in Figure 3-28 as
another confirmation of the multiple mechanisms concept, suggested in previous research
[Blackemore 1968, Maffei 1973, Wilson 1991, Losada 1994]. In chapter 5, a band pass
filter, similar to an envelope to multiple mechanisms of the HVS, for a given mean
luminance, was optimized. Those band-pass filters were able to adjust an image for the
effect of scaling down and were used to render images of a few paintings for small size
reproduction on the LCD.
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There were a few other interesting observations to note. Although the experiments
for contrast matching were in supra-threshold range, contrast constancy did not hold
completely. However, in panels 3-28-D, 3-28-E, and 3-28-F, for images that initially had
high contrast, the change in contrast before and after adjustments was not very
significant. In other words, contrast constancy held for these very high contrast samples.
For high frequency images for the same retinal angle, 1X, despite the equal initial
contrast of DLP and LCD images, observers perceived LCD images to have higher
contrast and adjusted DLP images to higher contrast levels to match appearance.
The error bars for contrast matching of high frequency noise patterns, Figures 3-
28-C, 3-28-F, and 3-28-I, were larger than error bars for medium and low frequency
bands. This was more pronounced for small images, at a magnification factor of 1/3X.
This might be attributed to the lower sensitivity of the human visual system at high
frequency range, which could result in the higher uncertainty in the perceived contrast
and consequentially in contrast adjustment. This uncertainty would increase with lower
sensitivity at higher frequency pattern for the lower signals, in other words, lower mean
luminance values. The darkest image with the highest frequency content had the largest
confidence interval since it had the lowest signal and was perceived with the lower
sensitivity. (This corresponded to the high frequency image with CIEL* of 25 with a
contrast of 0.62 shown in Figure 3-28-I.)
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Figure 3-29. A band-pass filter in frequency domain similar to a contrast sensitivity
function. Shift in frequency domain due to scaling down to smaller size for noise images
of A: low frequency; B: medium frequency; C: high frequency.
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The results of adjustment of mean luminance of the noise patterns versus image
size are shown in Figure 3-30. A 95% confidence interval was computed for each mean
luminance value using Equation (3-11), stated in Section 3.1.4. At each panel the dashed
line shows the mean luminance level of the LCD image, which was fixed for three
different sizes. Observers were adjusting luminance levels of the DLP images compared
to the corresponding images on the LCD.
For low frequency images, panels 3-30-A, 3-30-D, and 3-30-G, mean luminance
values of DLP images were adjusted to a lower or equal level compared to corresponding
images on the LCD. The effect was more pronounced for medium and low contrast
images at high luminance values, as shown in panels 3-30-D and 3-30-G at 86 (cd/m
2
).
The change of mean luminance was not very significant at the low luminance level, 8
(cd/m
2
), for all frequency bands. Conversely, the change of mean luminance values
before and after adjustments were significant at high luminance levels at all frequency




Observers perceived LCD images to be darker than DLP at the same retinal size,
or 1X magnification, but perceived LCD images to be much darker for a magnification of
1/3X. Computed confidence intervals for high luminance images were relatively larger
than those of low and medium luminance levels as seen in panels 3-30-D, 3-30-E, 3-30-F,




Two uniform patches of 50 (cd/m
2
) with surfaces of 1 and 2 square meters need
50 and 100 (cd) of energy, respectively: the larger the surface the larger the amount of
required energy. A subject observing the two patches with the same visual angle receives
the same amount of energy from each patch. They have the same lum/sr.m
2
 and a
radiometer reports the same radiance/luminance for the both patches regardless of their
sizes or total energies. So, one could conclude that there would not be any difference in
the perceived brightness versus surface area if the surfaces had the same
luminance/radiance. However, based on the experimental results presented in this and the
previous chapter, it seemed that observers were evaluating the brightness of images on
the DLP and LCD based on both luminance and total energy. This might be attributed to
cognitive visual mechanisms and complex processing in the human visual system. The
luminance was the main criterion and had a much higher weighting in their judgment but
the size of stimuli, which was in direct correlation with the total energy of the surface,
affected the judgment, too. One could hypothesize that for LCD and DLP images with the
same mean luminance, the DLP images are always perceive brighter regardless of the
frequency and magnification factors, since they always have a greater total energy. For
smaller images on the LCD, such as magnifications of 1/2X and 1/3X, this effect would
be more pronounced. However with a decrease of mean luminance, the perceived
difference in brightness would decrease. As shown in Figure 3-30, there was not a
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Figure 3-30. Luminance adjustment results for DLP images versus LCD images for 14
observers. Panels A, D, G correspond to low frequency noise patterns, centered at 0.5
cpd, and three levels of contrast levels. Panels B, E, H correspond to medium frequency
noise patterns, centered at 2 cpd. Panels C, F, I correspond to high frequency noise
patterns, centered at 8 cpd. Dashed line at each panel shows mean luminance of LCD
images.
The adjustment of mean luminance values versus changes of image size had a
similar trend for low, medium, and high frequency bands with overlapping confidence
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intervals for all samples with the same initial mean luminance. Collected data for low,
medium, and high frequency images were not statistically different. So, all data with the
same initial mean luminance values were pooled together regardless of their frequency
bands. Mean values at each luminance and size-scaling factor were computed. The three
mapping curves for CIE L* from LCD to DLP for the 1X, 1/2X, and 1/3X magnification
factors are presented in Figure 3-31. As an example, for 1/3X scaling factor, shown by
the red line, a lightness of 60 on DLP screen was mapped to a value of 67 on the LCD
display. As shown in Figure 3-31, DLP display was always perceived brighter than the
LCD. Therefore, for any given image displayed on the DLP screen with a mean
luminance value of Ldlp, an amount of L should be added to the LCD image to make a
match between LCD and DLP display lightness appearance. The L can be calculated
from curves in Figure 3-31:
L= Llcd - Ldlp (3-14)
where Ldlp and Llcd are the CIEL* values on the ordinate and abscissa of the plot shown in
Figure 3-31, respectively.
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Figure 3-31. Adjusted mean lightness of noise patterns on the projector screen versus the
mean lightness of corresponding images on the LCD for three magnification factors of
1/3X, 1/2X, and 1X.
In this experiment DLP images were adjusted to match the LCD images. It is a
common practice to render an image of a large painting to a smaller size. The results of
this experiment showed that for low frequency patterns one would need to reduce the
contrast and increase the mean luminance of an LCD image to match the appearance of a
reproduced image on the DLP screen. For high frequency patterns an increase in the
mean luminance and a reduction of contrast for the LCD image would be needed. Two
examples, a low and high frequency noise patterns adjusted and rendered for LCD, are
presented in Figure 3-32 and 3-33, respectively. The same patterns colorimetrically
rendered for the LCD display are shown also in the corresponding figures.
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Figure 3-32. Top: low frequency noise pattern, image numbered 5 in Table 1-1, rendered
for DLP display; Bottom left: same pattern colorimetrically rendered for LCD; Bottom
right: same pattern colorimetrically rendered and also adjusted for the effect of 1/3X
magnification for the LCD display.
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Figure 3-33. Top: high frequency noise pattern, image numbered 5 in Table 1-1,
rendered for DLP display; Bottom left: same pattern colorimetrically rendered for LCD;
Bottom right: same pattern colorimetrically rendered and also adjusted for the effect of
1/3X magnification for the LCD display.
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3.2.7 Conclusions
The characterized LCD and DLP displays had good colorimetric accuracy in the
reproduction of gray colors used in this research. Using the method of adjustment, it was
shown that both mean luminance level and contrast were affected by image size. The
method of adjustment utilized in this experiment successfully showed a trend of the
increase of contrast in adjusted images versus the decrease of image size on the LCD
display for low frequency band-pass noise patterns. Conversely, high frequency, small
size images on the LCD were matched with images of low contrast on screen. This
decrease in contrast was more pronounced for images with high mean luminance levels.
Contrast constancy was observed for high contrast images. These results were consistent
with the previous contrast matching experiment using Gabor patterns.
Compared to the mean luminance level of the LCD images, a decrease of the
mean luminance level of the adjusted images was observed for all frequency noise
patterns. This decrease was more pronounced for smaller images at. At low level of mean
luminance, the change of luminance was not significant.
A similar trend was obtained for the pervious experiment, described in Section
3.1, for mean luminance adjustment of Gabor patterns. In other words the larger images
on DLP were perceived brighter than smaller images on the LCD. In previous
experiments, [Xiao 2004], comparing small paint chips with painted walls, size
enlargement caused an increase in perceived lightness which is consistent with the result
of this experiment.
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The dependency of the changes in mean luminance level and contrast to
frequency content of images provided a better understanding for accounting the image
size effect on image appearance.
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4 CHROMATIC CONTRAST MATCHING
In order to develop a multiscale model accounting for the effect of image size on image
appearance, both achromatic and chromatic attributes of an image should be considered.
In the Section 3.2 achromatic contrast matching using band-pass noise images was
performed. In the following sections, a series of psychophysical experiments using
chromatic patterns in IPT space are presented. The goal was to capture the effect of
image size on the chromatic attributes of an image. Isoluminant band-pass noise patterns
with varying chroma along a few selected hues were adjusted on a DLP screen to match
corresponding images on an LCD display.
As described in Section 1.6.5, in the Helmhotz-Kohlrausch Effect, brightness of a
color is dependent on both its luminance and chromaticity. Changes in chroma of a test
pattern are accompanied by perceived changes in brightness. Experiments have shown
that the Helmhotz-Kohlrausch Effect also holds for related colors [Fairchild 2005]. Hence
a preliminary experiment to evaluate the magnitude of Helmhotz-Kohlrausch effect was
conducted. In order to prevent interference of lightness changes with chromatic
variations, the lightness of the noise images, used in the chromatic contrast matching, was
adjusted based on the result of the preliminary experiment. The adjustments were applied
to the test patterns in such a way that all noise patterns along a selected hue with variable
chromatic contrast were perceived to have the same lightness.
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4.1 Color Space
It was very important that the hue of the test patterns would not vary with changes in
chroma in the chromatic contrast matching experiment. The most important attribute of
the IPT color space is the linearity of constant perceived hue [Fairchild 1996]. So the IPT
color space was selected and used in chromatic contrast matching to benefit from its
constant hue lines. The IPT model was invertible and a simple model to implement. The
input of the model was tristimulus values for the CIE 1931 standard observer and D65
illumination. Therefore, in the first step, the XYZ of a color on an LCD or DLP display
should be converted to the corresponding color under D65. Conversion of tristimulus
values of a pixel in an image, XYZimg, to its corresponding color under D65, XCYCZC, is










































































































































































where XLCDw, YLCDw, and ZLCDw are tristimulus values of the LCD white point and XD65,
YD65, and ZD65 are tristimulus values of D65 light source, respectively. The XC, YC, and ZC
are corresponding tristimulus values under D65 for the XYZimg on the LCD. The parameter
D is the degree of adaptation, which would be equal to 1.0 for a complete adaptation
case. For all experiments performed in this research complete adaptation was assumed
and D was as assigned to 1.0. In the first step tristimulus values of the LCD white point,
D65 light source, and image pixel were converted to an RGB response using the CIE
Chromatic Adaptation Transform matrix (MCAT02). The tristimulus values under D65 were
transformed to the cone response space, LMS, using the Hunt-Pointer-Estevez
transformation (MHPE), described in Equation (4-10). Using exponential functions, the
LMS signals were properly compressed and calculation was followed by another (3x3)
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matrix multiplication, which resulted in the I, P, and T color coordinates. The parameters










































 L = L0.43;L  0 (4-11)
 L = L 0.43;L  0 (4-12)
 M = M 0.43;M  0 (4-13)
 M = M 0.43;M  0 (4-14)
 S = S0.43;S  0 (4-15)










































where L, M, and S are cone responses and I, P, T are color coordinates in IPT color
space. Chroma of a color is computed using P and T:
C = P2 +T 2 (4-18)
where C denoted chroma.
The same calculation can be used for the DLP display by replacing the LCD white point
with the DLP white point. Therefore, one could compute IPT of a color on an LCD or
DLP from its tristimulus values, XYZ, for an adapting white point such as XYZLCDw.
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Furthermore, it was possible to calculate XYZ from an IPT color coordinates for a
specific white point such as XYZLCDw, using Equations (4-1) to (4-17) in the reverse
direction. The above calculation is briefly presented in a flowchart in Figure 4-1.




















Figure 4-1. Forward model from RGB digital counts to IPT color coordinates.
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4.2 Correction for the Helmhotz-Kohlrausch Effect
The goal of the chromatic contrast matching was to capture the effect of image size on
the chromatic appearance of test patterns. One should use isoluminant test patterns to
prevent the unwanted effect of lightness variation on the results of chromatic contrast
matching. In this way the observers’ judgments would be only based on the chromatic
alteration due to changes in image size. In a preliminary experiment observers were asked
to adjust lightness of chromatic patches, for a few hues, in comparison to a gray patch
with the same lightness. The adjusted lightness values of the chromatic patches were used
to correct lightness of the chromatic band-pass noise patterns and generate corresponding
isoluminant noise images.
4.2.1 Stimulus and Experimental Setup
 The same LCD, an IBM T221LCD, and characterization data used in the
previous experiment, described in chapter 3, was used in this experiment. Five colors of
red, green, blue, magenta, and yellow were selected. These colors corresponded to (R, G,
B) digital counts of (255,0,0), (0,255,0), (0,0,255), (0,255,255), and (255,255,0),
respectively. These five colors are called primary colors in the rest of this chapter. The
tristimulus values for the CIE 1931 standard observer and corresponding IPT color
coordinates of these colors are listed in Table 4-1.
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Table 4-1. Tristimulus values, in cd/m2, for the CIE 1931 standard observer and IPT
color coordinate of the selected five primary colors.
Red Green Blue Yellow Magenta
X 97.6 68.3 42.1 165.3 139.1
Y 53.4 137.7 31.5 190.4 84.3
Z 4.5 24.5 210.1 28.2 213.8
I 0.4811 0.7180 0.5301 0.8306 0.7303
P 0.5916 -0.4130 -0.2791 -0.0416 0.4209
T 0.4710 0.4845 -0.6317 0.6340 -0.3128
 Color coordinate of the primary colors projected onto the P-T plane are plotted in Figure
4-2.















Figure 4-2. IPT color coordinates of the selected five hues for the IBM display.
In a psychophysical experiment, conducted in a dark environment, observers were
asked to adjust perceived lightness of the primary colors compared to gray patches
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displayed on the LCD at two lightness level of I=0.25 and I=0.75. It is important to note
that the primary colors were at the edge of the LCD color gamut and there was no room
for changes of lightness. Hence, chroma of the color patches was reduced to provide
enough room for changes of lightness. The reduction of chroma for each primary color at
each lightness level is given in Table 4-2. As an example, the chroma of the primary
yellow was reduced to 85% of its original value at lightness level of I=0.75.
The tristimulus values for the CIE 1931 standard observer, XYZ, and
corresponding IPT color coordinates for the reduced primary colors at two lightness
levels of I=0.25 and I=0.75 are listed in Table 4-3. Color coordinates of the reduced
primary colors, in IPT color space, are plotted in Figure 4-3. The red primary,
corresponding to digital counts of (255,0,0) with (I, P, T) values of (0.4811, 0.5916,
0.4710) is also shown in Figure 4-3. The ‘I’ attribute was presented by the vertical axes
and the two planes corresponded to the P-T surfaces at lightness levels of I=0.25 and
I=0.75. The plane of constant hue encompassing the red primary and corresponding two
reduced colors is shown by a pale red plane in Figure 4-3.
Sixteen observers, ten males and six females, adjusted lightness of 30 color
patches (30 = 5 hues  2 lightness  3 repetitions) in comparison to the two gray patches
at I=0.25 and I=0.75. A screen shot of the LCD display is presented in Figure 4-4. Two
rectangular patches, a gray and a primary color, were displayed on a gray background.
The gray background had a lightness of I=0.5. The two patches were 17.5 cm wide and
20 cm high and there was a 2 cm gap between them. Observers were standing about 50
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cm away from the LCD display. Two strips, 1cm wide, of black and white colors were
displayed at the edge of the image. The black and white strips were presenting anchor
points for minimum and maximum lightness in the scene and to induce the perception of
the related colors.
Table 4-2. Reduction of chroma for each primary color at selected lightness levels.
Hues
Red Green Blue Yellow Magenta
0.25 0.45 0.25 0.25 0.35 0.30
Lightness, I
0.75 0.20 0.45 0.30 0.85 0.50
Table 4-3. IPT color coordinates and tristimulus values, in cd/m2, for the chromatic
colors used in lightness adjustment.
Red Green Blue Yellow Magenta
X 19.2 6.5 6.8 10.7 11.1
Y 11.3 11.0 7.0 12.2 7.2
Z 1.6 3.6 21.4 1.1 16.6





T 0.2120 0.1211 -0.1579 0.2219 -0.0938
X 121.8 91.2 94.3 127.9 125.8
Y 117.2 129.3 103.3 147.6 101.3
Z 100.0 71.2 174.1 25.5 168.2








































Figure 4-3. The red, green, blue, yellow, and magenta colors are tagged as R1, G1, B1, Y1,
and M1 at a lightness level of I=0.25. Symbols R2, G2, B2, Y2, and M2 denote the same
colors at a lightness level of I=0.75. The red color corresponding to digital counts of
(255, 0, 0) is shown by ‘R’ symbol. The plane of constant hue for the red color
encompassed the R1, R2, and R colors.
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Figure 4-4. Lightness of the chromatic patch was adjusted to match the lightness of the
achromatic patch. The instruction was: “Please adjust lightness of the color patch to the
same lightness as of the gray patch using ShuttleXpress dialer. A clockwise turn
increases lightness of the patch. You can decrease lightness by a counterclockwise turn.”
A screen shot of the IBM display for the psychophysical experiment is presented
in Figure 4-4. Observers could adjust the lightness of the chromatic patch using a
ShuttleXpress dialer (the same dialer used in the achromatic contrast matching.) A
horizontal scroll bar ranging from [0 1], corresponding to lightness attribute, I, depicted
the adjusted lightness value of the chromatic patch at each moment. Turning the dialer in
clockwise direction could add an increment of I=0.0025 to the lightness value and shift
the scroll bar to the right side. Conversely a counterclockwise turn would decrease
lightness by I=0.0025 and shift the scroll bar to the left side. In each adjustment, the P
and T color coordinates of the chromatic patch were kept constant and only lightness was
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varying. For example, the red color with (I, P, T) coordinates of (0.25, 0.2662, 0.2120)
was compared to a gray patch with (I, P, T) coordinates of (0.25, 0, 0) and could only
move along an axis of constant P and T, the AD axis shown in Figure 4-3. Similarly, for
the same hue at lightness level of 0.75, the chromatic patch was compared to a gray patch
of (0.75, 0, 0) and adjusted along a constant P and T axis, depicted by axis line AD in
Figure 4-3.
Samples were presented to observers in a random order. There were intervals of 5
seconds between adjustments, controlled by the data collection software. A random noise
pattern was also displayed between each adjustment. Color patches had initial lightness
values selected from a uniform random distribution in the range of [-20%, +20%] of their
original values.
4.2.2 Results and Discussion
Observers’ adjustments at the two lightness levels for each color are presented in
Figure 4-5. The two dashed lines at lightness levels of I=0.25 and I=0.75 corresponded to
the lightness of the gray patches. For each color mean and corresponding 95% confidence
interval were computed, as described in Section 3.1.4, using Equation (3-11). From
Figure 4-5 one can see that all color patches were adjusted to darker or equal lightness in
comparison to the corresponding gray patches. Primary colors with a lightness of I=0.75
were adjusted to lightness values lower than 0.75. Color patches were perceived lighter
than the gray patch; so observers reduced lightness values of the color patches. The
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Green and yellow colors had the largest lightness reduction. At lightness level of 0.25,
the blue, yellow, and magenta patches were perceived the same lightness as the gray
patch. But, the red and green primaries were perceived lighter than the gray patch and




































































Red Green Blue Yellow Magenta
Figure 4-5. Observers’ responses for the Helmholtz-Kohlrausch effect. Lightness of the
gray patches are shown by dashed lines at I=0.25 and I=0.75.
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Referring to Figure 4-3 and Figure 4-5, one can see that the all colors at lightness
level of 0.75, except the red color, had higher chroma and were reduced in lightness more
than corresponding colors at a lightness of 0.25. The more chromatic color the more
reduction in lightness. These results were consistent with previous research [Fairchild
2005]. However the amount of reduction was dependent on the hue and initial lightness
of the test patterns. The confidence interval of the green, blue, yellow, and magenta were
overlapping with the dashed line at the lightness of 0.25; so their perceived lightness
values were not statistically different from lightness of the gray patch.
Using the collected data, presented in Figure 4-5, it was possible to correct
lightness of chromatic colors to account for the Helmholtz-Kohlrausch effect. Such a
correction is presented below for the red color. The same calculation was performed for
other colors.
Means of adjusted lightness for the red primary color, at the two lightness levels,
are presented in Figure 4-6. The lightness differences between the original and adjusted
primary colors are denoted by L1 and L2 for lightness values of 0.25 and 0.75,
respectively. For a test color, denoted by ‘A’, with the same hue but different chroma and
lightness, the reduction in lightness was calculated by Equation (4-19):
























where, CR1 and CR2 were chroma of the red primary color at lightness of 0.25 and 0.75,
respectively. The CR denoted the chroma of the test color. The segment line AA was the
amount of reduction in lightness. Lightness correction shifted the test color from point A
to point A.































Figure 4-6. An example of perceived lightness reduction for the effect of Helmholtz-
Kohlrausch for a red color denoted by A. Point A would be adjusted to A.
The above correction method was used to generate isoluminant chromatic noise
patterns used in a contrast matching experiment. The following sections describe noise
pattern generation and the conducted psychophysical experiment.
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4.3 Color Map Computation
The lightnesses of the primary colors were corrected based on the collected data from the
preliminary experiment, described above in Section 4.2.2. The line connecting a
corrected primary color and its corresponding gray was assumed to have a constant
perceived lightness and hue, but varying chroma. The segment line KR in Figure 4-7
depicts such a line with constant hue and perceived lightness in IPT space for the red
primary color. The R and K denoted the primary red and corresponding gray colors and













Figure 4-7. Primary red color, R, was corrected for the Helmhotz-Kohlrausch effect and
denoted by R. Segment line KR was assumed to have a constant hue and perceived
lightness.
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Figure 4-8. Color coordinates of the LCD and DLP primary colors projected on the P-T
plane.
The LCD and DLP displays had different color gamuts, shown in Figure 4-9. In
order to accommodate the primary hue lines in an overlapping area, where both LCD and
DLP could accurately reproduce the hue lines, the chroma of the primary colors were
reduced. Table 4-4 and 4-5 summarize the color coordinates of the start and end points of
each hue line used to generate chromatic noise patterns. As an example, listed in Table
4-5, the red hue displayed on the LCD had (I, P, T) color coordinates of (0.5369, -.0037,
0.0017) and (0.4436, 0.3174, 0.2468) for the starting and ending points, the gray and
primary red color, respectively. The line connecting each of the primary and
corresponding gray color was divided to 400 equal steps and corresponding IPT and XYZ
for the CIE 1931 standard observer were stored as proper arrays. The XYZ values were
converted to RGB digital counts, using the LCD inverse characterization model, and
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saved as color maps for LCD display. The same calculation was performed for the DLP
projector. This is demonstrated in Figure 4-9.
Table 4-4. Tristimulus values, in cd/m2, of start and end of each hue line for the CIE 1931
standard observer.
Primary (end) Corresponding Gray (start)
X Y Z X Y Z
Red 20.19 12.47 1.75 18.24 19.55 20.86
Green 13.11 22.60 4.47 22.34 23.83 25.23
Blue 5.08 3.86 22.90 5.73 6.13 6.37
Yellow 32.46 44.52 7.60 37.31 39.80 42.83
LCD
Magenta 23.31 14.82 50.72 20.83 22.19 23.91
Red 18.46 11.55 1.38 16.36 19.42 20.01
Green 12.89 22.34 4.13 20.15 23.98 24.57
Blue 4.60 2.41 22.74 5.22 6.22 6.33
Yellow 31.83 43.41 7.12 33.75 40.06 41.16
DLP
Magenta 21.50 12.24 48.99 18.95 22.53 23.16
Table 4-5. IPT color coordinates of the start and end of each hue line for the tristimulus
values listed in Table 4- 4.
Primary (end) Corresponding Gray (start)
I P T I P T
Red 0.3986 0.3771 0.3344 0.5369 -0.0037 0.0017
Green 0.5079 -0.2310 0.3311 0.5843 -0.0002 0.0045
Blue 0.3231 -0.1331 -0.3528 0.3254 -0.0008 0.0057
Yellow 0.6791 -0.1687 0.4824 0.7295 -0.0021 -0.0005
LCD
Magenta 0.5443 0.1771 -0.3469 0.5676 -0.0009 -0.0007
Red 0.3895 0.3969 0.3438 0.5360 0.0001 -0.0009
Green 0.5047 -0.1629 0.3352 0.5866 -0.0013 0.0007
Blue 0.2895 -0.1199 -0.4154 0.3282 -0.0006 0.0016
Yellow 0.6736 -0.0699 0.4827 0.7316 0.0002 0.0000
DLP
Magenta 0.5219 0.2430 -0.3819 0.5712 -0.0007 -0.0003
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Chromatic contrast was defined as the difference between the maximum and
minimum values of chroma within an image. The chromatic contrast for an image with a
minimum chroma value of zero would be equal to the maximum chroma in the image.
Therefore, for an image with pixels ranging between a primary color and a corresponding























using LCD or DLP white
point.
LCD or DLP inverse
characterization model
Figure 4-9. Color maps relating IPT to RGB values for LCD or DLP displays. All colors
in a maps had the same hue and perceived lightness. A color map was generated for each
hue. Chroma was zero for the first element and increased to the chroma of the primary
color for the last element.
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4.4 Chromatic Band-Pass Noise Patterns
The same white noise pattern, described in Section 3.2.3 and denoted by matrix
N, was used to populate chromatic noise patterns at the five selected hues. Cosine log
filters, discussed in Chapter 3, were utilized to filter the white noise image.
A typical example of contrast sensitivity functions for chromatic and achromatic
contrast of the human visual system is presented in Figure 4-10. It is known that the
chromatic mechanisms of the human visual system have lower cutoff frequencies than
achromatic mechanisms [Fairchild 2005]. Therefore, lower center frequencies were
selected for the cosine log filters for the chromatic noise generation than those used for
the achromatic noise calculations. The cosine log filters were computed, using Equation
(3-12), for three center frequencies of 0.1875, 0.75, and 3 cycles-per-degree, which are
called low, medium, and high frequency filters, respectively. (The achromatic filters were
centered at 0.5, 2, and 8 cycles-per-degree.) Frequency response of the low, medium, and
high frequency filters are plotted in Figure 4-11.
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Figure 4-10. An example spatial contrast sensitivity functions for luminance and
chromatic contrast of Human Visual System [Fairchild 2005].
Using the one-dimensional cosine log filters, the corresponding radially
symmetric two-dimensional filters were constructed. The image of the octave cosine log
filter, centered at 0.75 cycles-per-degree, is presented in Figure 4-12. The center of the
two-dimensional filters corresponded to the zero frequency. Pixel by pixel multiplication
of this image with the Fourier transfer of the white noise pattern would result in a band-
pass noise image in the frequency domain. Images corresponding to the octave filters
centered at 0.1875, 0.75, and 3 (cpd) are presented in Figure 4-13. Comparing achromatic
and chromatic filter images, Figure 3-19 and 4-13, respectively, one can see that the
chromatic filters had smaller bandwidth for low and medium frequency filters than the
corresponding achromatic filters.
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Figure 4-11. Frequency responses of octave filters centered at 0.1875, 0.75, and 3.0
cycle-per-degree, (cpd), of visual angle. For frequencies lower than 0.1875 cpd and
higher than 3.0 cpd, filter responses were set to unity for filters centered at 0.1875 and
3.0 cpd, respectively.
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Figure 4-12. Octave cosine log filter centered at 0.75 cycles-per-deg. Response of the
filter is plotted along its horizontal axis of symmetry.
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Figure 4-13. Images corresponding to low, medium, and high frequency octave cosine
log filters centered at 0.1875, 0.75, and 3 (cpd), respectively. Top: low frequency;
Bottom: high frequency; Middle: medium frequency. The center of each image
corresponded to the zero frequency. Frequency range was [-35, 35] along the diagonal
axis of each image.
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Discrete Fast Fourier Transfer (DFFT) of the white noise image was computed
and multiplied pixel by pixel with the low, medium, and high frequency cosine log filters,
to generate corresponding filtered images in the frequency domain. The filtered noise
patterns were transferred back to spatial domain by computing their inverse DFFT.
Filtered images were linearly scaled to the range of [0, 0.7] using Equation (3-13),
described in Chapter 3. The resulting low, medium, and high frequency noise images and
their corresponding histograms are shown in Figure 4-14.
As explained in Section 4.3, the color map computed for each primary color had
400 elements ranging from zero chroma to the chroma of the primary color. Pixel values
of the noise images were multiplied by a factor of 400 and used as the indices to the
computed maps. Since the noise images were scaled in the range of [0, 0.7] they could
address colors from 1 to 280 (280=0.7400) in the color map, which was 70% of the
whole color map. Images could have a chroma as high as 70% of the chroma of the
corresponding primary color. Please note that chromatic contrast was defined as the
difference between the maximum and minimum values of chroma within an image. All
images had a minimum value of zero. Therefore chromatic contrast values of the noise
images were equal to their maximum chroma. Noise images, at low, medium, and high
frequency bands for the selected five primary colors are presented in Figure 4-15. In the
contrast matching experiment observers could increase or decrease chroma of the noise
patterns by increasing or decreasing the maximum pixel values of the noise images.
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Details on the adjustment of the chroma and conducted contrast matching experiments
are given in the following section.
















































Figure 4-14. Low, medium, and high frequency noise images used to populate chromatic
noise patterns at five hues. Pixel values were multiplied by 400 and used as indices to
color map arrays.
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Figure 4-15. Low, medium, and high frequency noise patterns used in chromatic contrast
matching. These noise patterns were populated based on the low, medium, and high
frequency noise patterns presented in Figure 4-14.
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Each of the noise patterns was rendered, using a nearest-neighbor interpolation
technique, applied by the Matlab ’imresize’ function, for three resolutions of 701  701,
1401  1401, 2101  2101, respectively. These three sizes corresponded to physical sizes
of 87, 174, 288 mm on the LCD, respectively, which corresponded to magnification
factors of 1/3X, 1/2X, and 1X, relative to the visual angle of the screen image. These
corresponded to retinal subtenses of approximately 10, 15, and 29 degrees of visual
angle, although strict viewing distances were not fixed in order to approximate the natural
viewing conditions in a museum setting.
4.5 Psychophysical experiment
The experimental setup was exactly the same as the achromatic contrast matching
experiments described in Section 3.2.3. Experiments were conducted in the dark
environment with the same LCD and DLP displays, calibrated by the analogous
procedure, and displayed images subtended the similar visual angles as in the achromatic
experiment. The equipment arrangement was also the same as the achromatic contrast
matching, shown in Figure 3-24. The images on the LCD had magnification factors of
1X, 1/2X, and 1/3X in comparison to the images on the DLP display. The LCD display
and DLP screen were positioned at a 180º angle from one another. The observers were
standing 55 cm from the LCD display and about 200 cm from the screen. The
background and surround of the images on the screen and LCD display were set to a
black color.
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Observers adjusted chromatic contrast of the image projected on the screen to
match perceived chromatic contrast of the pattern displayed on the LCD. The chromatic
contrast was equal to the maximum chroma in each image. Each observer adjusted 45
samples (45= 5 hues  3 frequency bands  3 sizes). Samples were presented to observers
in a random order. The test image on the screen had an initial contrast selected from a
uniform random distribution within the range of [-20%, +20%] of its original value.
There were intervals of 5 seconds between adjustments controlled by the data collection
software. Observers were asked to ignore artifacts caused by aliasing.
 Ten males and six females, a total of sixteen observers participated in the
chromatic contrast matching experiments. The chromatic contrast value was equal to the
maximum chroma in the image. For each hue, observers could adjust chromatic contrast
of the test image on the DLP screen by setting the maximum pixel value, corresponding
to maximum chroma, of the image using a ShuttleXpress dialer. A clockwise turn would
add an increment of 1/400 to the maximum pixel value and then the image was rescaled
between the zero and the new maximum value. The minimum pixel value was always
fixed at zero. Pixel values were multiplied by 400 and used as indices to the color map
for the corresponding hue. An observer could decrease chromatic contrast of an image by
turning the dialer in counterclockwise direction and subtracting a decrement of 1/400
from the maximum pixel value. It was possible to decrease the maximum value down to
zero; this would result in a flat gray image with zero chromatic contrast. The maximum
pixel value could be set to one, which would generate an image with maximum possible
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chromatic contrast for the selected hue. Such a contrast value was equal to maximum
chroma of the corresponding primary color.
A low frequency noise pattern for the green hue rendered for the LCD display is
shown in the top row of Figure 4-16. Adjusted images to a higher and lower chromatic
contrast for the same noise pattern are presented in the middle and bottom rows of Figure
4-16, respectively. The chroma mapping curves from LCD to DLP screen for these
examples are plotted in of Figure 4-17 and 4-18. All chroma values were stated in
percentage of the maximum possible chroma value, the chroma of the green primary. If
there were no adjustment then line segment AB would map chroma values on the LCD to
the same values on the DLP. The line segment AD in Figure 4-17, would map colors on
the LCD with chroma values in the range of [0% 70%] to colors with chroma values in
the range of [0%, 95%] on the DLP. A simple linear mapping, stated in Equation (4-20),
was used:
Co = Ci 
CD
CB




where CD is the adjusted maximum chroma by the observer and Ci and Co are input and
mapped chroma values, respectively. The CD, Ci, and Co were stated in percentage of the
maximum possible chroma. The adjusted image and its histogram, corresponding to
curve AD in Figure 4-17, are shown in the middle row of Figure 4-16. The adjusted
image had higher chromatic contrast and had a wider histogram than the original image.
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Figure 4-16. Top: original noise image; middle: 25% increase in chromatic contrast;
bottom: 20% decrease in chromatic contrast. Histogram of the pixel values is plotted in
the right column for each image. Pixel values were multiplied by 400 and used as indices
to the corresponding color map.
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Figure 4-17. Contrast of a sample noise image was increased by adjusting the maximum
value of the image to a higher value; so the indices to the color map would address a
wider range of colors, In this example segment line AD map colors on the LCD from
[0%, 70%] to a [0% 95%]. All values are expressed related to the chroma of the
corresponding primary color.
Segment line segment AD, plotted in Figure 4-18, was used to map chroma of the
image on the LCD to a narrower range on the DLP. The maximum chroma was adjusted
to a lower value than the maximum chroma in the original image. The noise image
mapped by the segment line AD is presented in the bottom row of Figure 4-16.
Histogram of the adjusted image was narrower and was in the range of [0, 0.5].
184



























Figure 4-18. Contrast of a sample noise image was decreased by adjusting the maximum
value of the image to a lower value.
4.6 Results and Discussion
Observers’ responses were saved as data files and used to redisplay and measure the
maximum pixel values of the adjusted image with the PR650 spectroradiometer on the
LCD and DLP displays. The measured XYZ were converted to the IPT color coordinates
and the maximum chroma values were calculated using Equation (4-18). Changes in
maximum chroma/chromatic contrast versus image size for low, medium, and high
frequency noise patterns are plotted in Figures 4-19 to 4-23. The means of the adjusted
contrast and corresponding 95% confidence intervals were computed using Equation (3-
11), described in Section 3.1.4, and also shown in each plot. The initial chromatic
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contrast on the LCD was measured and shown by horizontal dashed blue lines in each
graph.
Chromatic contrast decreased for smaller images with a magnification factor of
1/3X for high frequency noise patterns for most of the hues. The amount of decrease in
chroma was dependent on the hue. For the high frequency patterns with the 1/3 X
magnification factor, the most and least changes in perceived contrast were seen for the
blue and magenta primary colors, respectively. The green, red, and magenta high
frequency patterns were adjusted to higher contrast at the 1X magnification factor while
yellow and blue were adjusted to lower contrast. For the high frequency patterns, the
confidence intervals for all of the primary colors were overlapping for the collected
results at 1X, 1/2X, and 1/3X. So one can argue that the contrast adjustment for different
magnification factors were not statistically different. Most observers felt that contrast
matching of the high frequency patterns were more difficult than others, especially for the
yellow patterns. The adjusted high frequency noise patterns, for all hues, at 1/3X
magnification factor, had the largest confidence intervals compared to the corresponding
adjustment for other magnification factors and frequency bands. This is consistent with
the fact that the human visual system has lower sensitivity at high frequencies and
judgments would be more uncertain for those test patterns.
A trend of increase in chromatic contrast versus visual angle was seen for the low
frequency patterns. Again, the difference in contrast was dependent on the hue of the test
patterns. Magenta and red had the highest and lowest adjusted chromatic contrast for the
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low frequency noise patterns. Although confidence intervals for the low frequency noise
patterns were overlapping but they were relatively smaller than intervals computed for
the high frequency patterns. The low frequency red noise images had almost the same
chromatic contrast for all magnification factors.
The low and medium frequency noise patterns had the same trend of increase or
decrease in chromatic contrast versus changes in image size at all hues.
Observers adjusted contrast of the chromatic patterns in a similar way as they did
in achromatic patterns. In both chromatic and achromatic experiments, the low frequency
images displayed on the LCD, with smaller visual angles, were perceived to have higher
contrast than corresponding larger images on the DLP screen. Conversely, high
frequency images on the LCD were perceived to have lower contrast than the
corresponding images on the DLP. As discussed in chapter 3, this might be explained by



















Figure 4-19. Adjusted chromatic contrast for red patterns displayed with different sizes
on the LCD and compared to the DLP reproductions. Left: low frequency, Right: high



















Figure 4-20. Adjusted chromatic contrast for green patterns displayed with different sizes
on the LCD and compared to the DLP reproductions. Left: low frequency, Right: high



















Figure 4-21. Adjusted chromatic contrast for blue patterns displayed with different sizes
on the LCD and compared to the DLP reproductions. Left: low frequency, Right: high



















Figure 4-22. Adjusted chromatic contrast for yellow patterns displayed with different
sizes on the LCD and compared to the DLP reproductions. Left: low frequency, Right:
high frequency, Middle: Medium frequency. Dashed blue line is initial chroma of the


















Figure 4-23. Adjusted chromatic contrast for magenta patterns displayed with different
sizes on the LCD and compared to the DLP reproductions. Left: low frequency, Right:
high frequency, Middle: Medium frequency. Dashed blue line is initial chroma of the
images on the LCD.
Scaling down an image shifts it to higher frequency range. An example is
presented in Figure 4-24, where an image in the frequency range denoted by ‘A’ is
shifted to a higher frequency range ‘B”. The chromatic channels have a low-pass rather
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than a band-pass characteristics as shown in Figure 4-24.  Sensitivity of a low-pass
mechanism decreases monotonically versus frequency. Therefore, all images scaled to
smaller sizes would be perceived based on mechanisms with lower sensitivities than the
original larger image. The mechanisms located in the range ‘B’ have lower sensitivity
than those located in the range ‘A’. Hence, for chromatic noise images, it was expected to
observe a decrease in perceived contrast by a decrease in image size regardless of the
frequency content of the images. However, a band-pass characteristic was observed. So
one can hypothesize that image size has an effect on the image appearance that can be
modeled by band-pass rather than low-pass mechanisms for both chromatic and
achromatic channels. Such band-pass filters were optimized for each hue at different
mean luminance values, to be described in Chapter 5.
The goal of the preliminary experiment was to decouple lightness and chroma and
eliminate the effect of the lightness on image contrast by correcting chromatic noise
patterns for the Helmhotz-Kohlrausch effect. If this correction was not effective enough
to block the lightness contributions to appearance changes due to changes in image size
then one could expect such a band-pass characteristics in the results.
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Figure 4-24. An example of spatial contrast sensitivity functions for luminance and
chromatic contrast of Human Visual System [Fairchild 2005]. An image located in the
frequency range ‘A’ would be shifted to range ‘B’ when scaled down to a smaller size.
Figures 4-25 and 4-26 show the same data presented in Figure 4-19 to 4-23 in
another way. Means of adjusted maximum chroma values were computed for each hue.
The corresponding P and T color coordinates were plotted for each frequency band. This
formed a polygon in the P-T plane for each magnification factor. The larger the polygon,
the more chromatic was the corresponding image on the DLP screen. One can see in
Figure 4-25 that the area corresponding to 1/3X magnification is larger than 1/2X and
1X. In other words, the LCD images with 1/3X magnification factors were perceived to
have higher contrast than 1/2X and 1X for low frequency; hence, the corresponding
images on the DLP screen were set to higher contrast. Conversely, for high frequency
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noise patterns, shown in Figure 4-26, the small images on the LCD were perceived to
have lower contrast than larger images on the screen. Therefore contrast of the
corresponding images on the DLP screen was reduced.
















Figure 4-25. Adjusted chromatic contrast of the low frequency noise patterns on the DLP
screen. The larger the polygon, the more chromatic corresponding images on the DLP
screen. Dashed black line is initial chroma of the images on the LCD.
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Figure 4-26. Adjusted chromatic contrast of the high frequency noise patterns on the
DLP screen. The larger the polygon, the more chromatic corresponding images on the
DLP screen. Dashed black line is initial chroma of images on the LCD.
In these contrast matching experiments DLP images were adjusted to match the
LCD images. What if one should render a smaller size of a large test pattern? In order to
render a smaller version of a low frequency chromatic noise pattern one would need to
reduce the chromatic contrast. Conversely to render a high frequency chromatic noise
pattern for a smaller size an increase in chromatic contrast is suggested. Two examples, a
low and high frequency green noise patterns adjusted and rendered for LCD and DLP, are
presented in Figure 4-28 and 4-29, respectively. The same patterns colorimetrically
rendered for the LCD display are also shown in the corresponding figures.
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Figure 4-27. Top: Low frequency noise pattern rendered for DLP display; Bottom left:
same pattern colorimetrically rendered for LCD; Bottom right: same pattern
colorimetrically rendered and also adjusted for the effect of 1/3X magnification for the
LCD display.
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Figure 4-28. Top: high frequency noise pattern rendered for DLP display; Bottom left:
same pattern colorimetrically rendered for LCD; Bottom right: same pattern




Both achromatic and chromatic attributes should be considered in the design of image
processing algorithms accounting for the effect of the image size. Chromatic contrast
matching experiments using band-pass noise images at five selected hues were performed
to investigate the effect of image size on image contrast.
Lightness of a color depended on both its luminance and chromaticity; changes in
chroma of a test pattern were accompanied by perceived changes in their lightness. To
prevent the unwanted effect of the lightness variation on the results of chromatic contrast
matching, a preliminary experiment was performed to evaluate the magnitude of the
Helmhotz-Kohlrausch effect. Lightness of color patches at five hues with lightness values
of 0.75 and 0.25, in IPT space, were adjusted in comparison to gray patches with the
same lightness.
All color patches were adjusted to darker or equal lightness in comparison to the
corresponding gray patches. Primary colors with a lightness of I=0.75 were perceived
lighter than the gray patch and adjusted to lightness values lower than 0.75. The green
and yellow colors had the largest lightness reduction. At lightness level of 0.25, the blue,
yellow, and magenta patches were perceived as light as the gray patch. But, the red
primary was perceived lighter than the gray patch and was adjusted to relatively darker
colors. The more chromatic the color, the more the reduction in lightness.
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Proper lightness adjustments were applied to five sets of chromatic noise patterns.
Pixels in each noise image were perceived to have the same lightness with variable
chroma along an initial hue line.
Corrected noise patterns were used in a chromatic contrast matching experiment,
where chromatic contrast was decreased for smaller images for high frequency noise
patterns for all five hues. An opposite trend of an increase in chromatic contrast versus
visual angle was seen for the low frequency patterns. These trends were similar to the
results of achromatic contrast matching. In both experiments, the low frequency images
with smaller visual angles were perceived to have higher contrast than corresponding
larger images displayed on the DLP screen. Conversely, high frequency image on the
LCD were perceived to have lower contrast than the corresponding larger images on the
DLP. The amount of increase or decrease in perceived chromatic contrast versus image
size was dependent on the hue of the test patterns.
Band-pass filters and collected results from chromatic and achromatic contrast
matching were used to develop a color reproduction model, described in the next chapter,
accounting for image size effect.
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5 IMAGE REPRODUCTION MODEL ACCOUNTING FOR
THE EFFECT OF IMAGE SIZE
As described in Chapter 4 and 5, two sets of achromatic and chromatic contrast matching
experiments were conducted using band-pass noise patterns. Collected results from those
relatively simple stimuli were used to develop a few image reproduction models capable
of compensating for the effect of image size on more complex images. Three main
correction algorithms as well as their combinations are described in the following
sections. These models were used to correct image reproduction of five images of
paintings at different visual angles/image sizes. The performances of the correction
models were evaluated by psychophysical experiments using a paired-comparison
method.
5.1 Painting Images
Images of five paintings were selected for the experiments performed in this chapter.
These images were in LAB TIFF format. The mean of CIE L* values and a short
description of the each painting are presented in Table 5-1. Histograms of the CIE L*
values for each image are shown in Figure 5-1. Furthermore, cumulative histograms are
plotted with a solid red line in each figure. As seen in Figure 5-1, the distributions of CIE
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L* values for the Rembrandt and Rousseau paintings are skewed toward lower values
while they have a wide spread. In other words, they are relatively dark, high contrast
images. The Renoir painting has a wide spread; it is a high contrast, medium lightness
image. The CIE L* value larger than 3% of the CIE L* values in an image was selected
as the effective minimum value. Similarly, the CIE L* value less than 3% of CIE L*
values in an image was considered as the effective maximum value. Michelson contrast
of each image was calculated using the effective minimum and maximum CIE L* values:
Mc =
Lmax  Lmin
Lmax + Lmin (5-1)
where Mc is Michelson contrast and Lmin and Lmax are effective minimum and maximum
CIE L* values, respectively. The calculated Michelson contrast values for the five
painting images are listed in Table 5-1.
The tristimulus values, XYZ, and IPT color coordinates for the D50 illuminant,
using Equations (4-1) to (4-17), were computed for each pixel. The image corresponding
to lightness values, ‘I’ in IPT space, for the Seurat painting is shown in the top row left
column of Figure 5-2. The same lightness separation was prepared for other painting
images. As will be described in Sections 5.3 and 5.4, achromatic noise images at different
lightness and contrast were used to develop algorithms for adjustment of mean lightness
and lightness contrast for the image size effect. Therefore, one could apply the same
adjustment algorithms to the lightness separation of a painting image and compensate for
the image size effect.
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Auguste Renoir. (French, 1841 – 1919).
Odalisque, 1870. Oil on canvas, 69.2 x
122.6 cm (27 1/4 x 48 1/4 in.).
Chester Dale Collection, National
Gallery of Art, Washington.
48.7 0.7699
2
Georges Seurat (French, 1859 – 1891).
Sunday Afternoon on La Grande Jatte,
1884–1886. Oil on canvas 207.6 x 308
cm.
Art Institute of Chicago.
49.0 0.4472
3
Pablo Picasso, (Spanish, 1881-1973).
Les Demoiselles d'Avignon. Paris,
June-July 1907. Oil on canvas, 243.9 x
233.7 cm  (8' x 7' 8"). The Museum of




(Dutch, 1606 – 1669).
Self-Portrait. 1659. Oil on canvas, 84.5
x 66 cm (33 1/4 x 26 in.) Andrew W.




Henri Rousseau. (French, 1844-1910).
The Dream. 1910. Oil on canvas, 204.5
x 298.5 cm (6' 8 1/2" x 9' 9 1/2"). Gift
of Nelson A. Rockefeller, The Museum






























Figure 5-1. Histogram of CIE L* of the selected paintings. The red lines plot the
cumulative distributions. A: Renoir; B: Seurat; C: Picasso; D: Rembrandt; E: Rousseau.
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Lightness Separation Red Separation
Green Separation Blue Separation
Yellow Separation Magenta Separation
Figure 5-2. Lightness and five color separations of the Seurat painting.
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Similarly chromatic noise images were used to compute band-pass filters for
chromatic contrast adjustment to compensate for image size effect. So, one could prepare
five color separations of a painting image and apply corresponding optimized band-pass
filter to each separation. The adjusted separations could be combined to reconstruct a
final image, which was adjusted for the effect of image size on the chromatic contrast
attribute. The computation of color separations of painting images is described in the
following section.
5.2 Color Separations Computation
The chromatic contrast matching experiments, described in Chapter 4, were performed
for five primary hues of red, green, blue, yellow, and magenta. For each painting image,
the P and T of each pixel were used to compute five color separation images. The five
primary colors, used in the chromatic contrast matching experiments, projected onto P-T
plane are denoted by circle symbols in Figure 5-3. Unit vectors along the red, green, blue,
yellow, and magenta primary hue lines are presented by R, G, B, Y , and M ,
respectively. Any color, projected onto P-T plane, can be reconstructed by the weighted
sum of any vector pairs of RY , Y G, G B, B M  or M R. For example a color,
represented by vector S , in Figure 5-3, can be reconstructed by R and Y  vectors using
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positive values for ‘a’ and ‘b’ coefficients: S = aY + bR. The ‘a’ and ‘b’ coefficients, for
this example, can be calculated by Equation (5-2):
S = S1 + S2
S1 = aY
S2 = bR






















where R and Y  are unit vectors along the red and yellow hues, respectively. The ‘P’ and
‘T’ subscripts denoted for the P and T coordinates, respectively. It was also possible to
reconstruct S  using G B vector pair, S = aB + bG , which would require negative values
for the ‘a’ and ‘b’ coefficients. Color coordinates corresponding to a pixel in an image in
the P-T plane were decomposed using the very first vectors at the left and right side of it.
The corresponding coefficients for such vector pairs would have positive values. The
coefficients of the other vectors were set to zero. Therefore, a color point in the P-T plane
with (SP, ST) coordinate would map to a coordinate of (a, 0, 0, b, 0) for the (red, green,
blue, yellow, and magenta), the five dimensional color coordinate system based on the
selected five hues. As examples, five color separations corresponding to Seurat painting
are shown in Figure 5-2.
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Figure 5-3. The circles show the DLP primary colors. The unit vectors along the five
primary colors are represented by R, G, B, Y , and M .
In a reverse process, the five separation images could be combined to generate the






















Other vectors do not contribution to P and T since they have zero coefficient values. The
five color separation images were used in a chromatic contrast adjustment, described in
Section 5.4.
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5.3 Adjustment of the Mean Lightness
Two uniform patches of 50 (cd/m
2
) with surfaces of 1 and 2 square meters need
50 and 100 (cd) of energy, respectively: the larger the surface the larger the amount of
required energy. However, they have the same lum/sr.m
2
 and a radiometer reports the
same radiance/luminance for the both patches regardless of their sizes or total energies.
As discussed in Chapter 3, it seemed that observers were evaluating the lightness of
images on the DLP and LCD based on both luminance and total energy. This might be
attributed to cognitive mechanisms and complex processing in the human visual system.
Although the luminance was the main criterion and had a much higher weighting in
observers’ judgment, the size of stimuli, which was in direct correlation with the total
energy of a surface, was also affecting their judgments. One could hypothesize that for
LCD and DLP images with the same mean lightness, the DLP images are always
perceived as lighter regardless of the frequency and magnification factors, since they
always have a greater total energy.
The adjustment of mean luminance values versus changes of visual angle/image
size had a similar trend for low, medium, and high frequency bands with overlapping
confidence intervals for all samples with the same initial mean luminance. The low,
medium, and high frequency results were not statistically different. So, all data with the
same initial mean luminance values were pooled together regardless of their frequency
bands and the mean values at each luminance and size-scaling factor were computed. The
three mapping curves for CIE L* from LCD to DLP for the 1X, 1/2X, and 1/3X
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magnification factors were presented in Figure 3-31, which is presented here again as
Figure 5-4. For example, for the 1/3X scaling factor, shown by the red line, a lightness of
67 on the DLP screen was mapped to a value of 75 on the LCD display. The DLP display
was always perceived lighter than the LCD, as shown in Figure 5-4. Therefore, for any
given image displayed on the DLP screen with a mean lightness value of Ldlp, an amount
of L should be added to the LCD image to make a lightness appearance match between
LCD and DLP display. The L can be calculated from the curves in Figure 5-4:
L= Llcd - Ldlp (5-4)
where Ldlp and Llcd are the CIEL* values on the ordinate and abscissa of the plot shown in
Figure 5-4, respectively. For an image rendered for the DLP display, the lightness
separation was converted to CIE L* and its mean lightness was calculated. An amount of
L, from Equation (5-4), was added to all pixels of the lightness separation image to get
the adjusted image for the LCD display. This computation was performed for all five
painting images. As an example, the colorimetrically rendered image of the Seurat
painting and the corresponding adjusted image for 1/3X magnification factor are
presented in Figure 5-5.
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Figure 5-4. Adjusted mean lightness of noise patterns on the projector screen versus the
mean lightness of corresponding images on the LCD for three magnification factors of
1/3X, 1/2X, and 1X.
211
Figure 5-5. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for the mean lightness.
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5.4  Contrast Adjustment in Frequency Domain
The frequency components of images shift toward higher frequency ranges when
scaled down to a smaller size. As discussed in Chapter 3 and 4, adjustment of chromatic
and achromatic contrast versus changes of image size were dependent on the frequency
of the noise patterns. The method of adjustment showed a trend of the increase of contrast
in adjusted images versus the decrease of image size on the LCD display for low
frequency band-pass noise patterns. Conversely, high frequency, small size images on the
LCD were matched with images of lower contrast on screen. The amount of increase or
decrease in perceived chromatic contrast versus image size was also dependent on the
hue of the test patterns.
The results of achromatic contrast adjustment, shown in Figure 3-28, were in
agreement with the concept of multiple mechanisms, demonstrated in Figure 3-29, whose
response characteristics are band-pass in the frequency domain. A band-pass rather than
low-pass characteristic was observed for chromatic noise patterns, described in Chapter
4. So it was decided to model the effect of image size on the contrast of achromatic and
chromatic images by band-pass filters. Seeking model simplicity, a simple three-
parameter filter originally described by the Movshon and Kiorpes [Movshon 1988] was
used. Johnson and Fairchild used Movshon filter in color image difference models and
image difference metrics [Johnson 2001, 2002, 2003]. It has also been used for chromatic
noise perception in digital photography [Xiaoyan 2004]. The Movshon filters were used
for both achromatic and chromatic contrast adjustment.
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The response function of the Movshon filter is shown in Equation (5-5):
fresp =
a. f c .eb. f( )
100
(5-5)
where fresp is filter response at spatial frequency ‘f’. The ‘a’, ‘b’, and ‘c’ are filter
parameters. A few examples of filter responses for different values of ‘a’, ‘b’, and ‘c’ are




















fresp = ( a . f c . e -b . f ) / 100
Figure 5-6. Samples of filter responses for different values of ‘a’, ‘b’, and ‘c’ parameters.
5.4.1  Achromatic Contrast Adjustment
Low, medium, and high frequency achromatic noise patterns rendered for the LCD
display and corresponding adjusted images on the DLP screen were used to optimize
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filter parameters for different lightness, contrast, and size scaling factors. The flowchart
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Figure 5-7. Optimization of three parameters of the Movshon filter.
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The optimization was performed using the low, medium, and high frequency
noise patterns for a magnification factor at a specific initial contrast. For example, low,
medium, and high frequency noise images with mean luminance of CIE L*=50 and a
Michelson contrast of 0.18 with a magnification factor of 1/3X on LCD and the
corresponding images on the DLP were used to optimize three parameters of the filter. In
the first step, The Discrete Fast Fourier Transfer (DFFT) of images displayed on the LCD
were calculated and the corresponding DC components were saved. Three parameters ‘a’,
‘b’, and ‘c’ were set to initial values of 100, 0.02, and 0.03, respectively, and the
corresponding filter was computed using Equation (5-5). The calculated filter was applied
to the DFFT of images on the LCD. In the next step, the DC components of filtered
images were restored to their saved values. Therefore, filtering would not change the
mean lightness of images. Corresponding images in the spatial domain were computed by
using the inverse DFFT. The adjusted images on the DLP screen and filtered images were
compared and Root Mean Squared Error (RMSE) values were calculated for low,
medium, and high frequency image differences. The three RMSE values were summed
and compared to a small tolerance value. The tolerance value was set to zero. If the total
error was more than zero and the maximum iteration count was not reached, then
parameters were set to new values and corresponding filter was updated. Otherwise
parameters were saved as the optimum values. The ‘fmincon’ function of Matlab was
used to implement the optimization of parameters ‘a’, ‘b’, and ‘c’.
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 The optimized parameters for different lightness, magnification factors, and
contrast are listed in Table 5-2.
Table 5-2. Optimized parameters for the achromatic noise patterns at different contrast
and lightness levels for three magnification factors of 1/3X, 1/2X, and 1X. Contrast was
calculated using Michelson formula and shown by Mc symbol.
CIEL* Mc         a b c
0.25 0.18 106.0 0.0023 0.0000
0.25 0.35 123.2 0.0114 0.0000
0.5 0.18 120.1 0.0066 0.0000
0.5 0.35 130.0 0.0093 0.0000
0.5 0.7 109.5 0.0074 0.0093
0.75 0.18 113.5 0.0003 0.0000
1/3X
0.75 0.35 111.3 0.0061 0.0000
0.25 0.18 112.8 0.0000 0.0000
0.25 0.35 112.2 0.0006 0.0203
0.5 0.18 125.0 0.0005 0.0000
0.5 0.35 113.7 0.0000 0.0390
0.5 0.7 105.7 0.0000 0.0390
0.75 0.18 117.4 0.0000 0.0000
1/2X
0.75 0.35 100.0 0.0003 0.0243
0.25 0.18 130.0 0.0000 0.0390
0.25 0.35 117.5 0.0000 0.0390
0.5 0.18 100.0 0.0000 0.0390
0.5 0.35 113.6 0.0000 0.0390
0.5 0.7 100.0 0.0000 0.0390
0.75 0.18 100.0 0.0000 0.0390
1X
0.75 0.35 115.6 0.0000 0.0390
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Examples of filter responses for three magnification factors of 1/3X, 1/2X, and
1X for noise images with a contrast of 0.18 and CIE L*=50 are plotted in Figure 5-8. The





















Figure 5-8. Filter responses of three modeled achromatic filters for adjustment of
lightness contrast. Filters are modeled from noise patterns with mean lightness of
CIEL*=50 and Michelson contrast of 0.18.
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Figure 5-9. Achromatic filters presented in Figure 5-8. Top left: 1/3X; Middle left: 1/2X;
Bottom left: 1X.  images in the left column are color mapped between black and white
and shown in the right column to amplify differences, visually  The center of each image
corresponds to zero frequency.
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As seen in Figure 5-8, the filter optimized for 1/3X magnification, had a frequency
response that attenuates the low frequencies and boosts the high frequency components.
In other words, for 1/3X magnification, low frequency components of images rendered
for LCD using this filter would be attenuated compared to the same image displayed on
the DLP screen. Conversely, the high frequency components of the smaller image on the
LCD would be amplified in comparison to the larger image on the DLP. This is
consistent with the trend of adjustment of noise images observed in the achromatic
contrast matching experiments.
Linear interpolation, implemented by Matlab’s ‘interp1’, and parameters listed in
Table 5-2 were used to compute the parameters for other mean luminance and contrast
values. The image of Seurat painting had a mean lightness and Michelson contrast values
of CIE L*=49 and 0.4472, respectively. For a 1/3X magnification, the interpolated
parameters for this painting were 119.5, 0.0072, and 0.0012 for ‘a’, ‘b’, and ‘c’,
respectively. The corresponding filter computed for this painting is plotted in Figure
5-10. The computed filter would amplify the high frequency components and attenuate
low frequency range. The DFFT of the Seurat painting image was calculated and
multiplied pixel by pixel with the computed filter image. The inverse DFFT of the
resulting image was calculated and rendered for the LCD display using inverse
characterization model of the LCD. Images of Seurat painting rendered colorimetrically
for LCD and DLP display and the adjusted image for lightness contrast, using the
computed filter for a magnification of 1/3X, are shown in Figure 5-11.
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Similarly the optimized parameters were interpolated for the selected five
paintings and corresponding filtered images were computed and rendered using inverse
characterization models of the LCD and DLP displays. Those images were saved and





















Figure 5-10. Optimized filter for adjustment of lightness contrast of Seraut painting for a
magnification of 1/3X. The computed ‘a, ‘b‘, and ‘c‘ parameters were 119.5, 0.0072, and
0.0012, respectively.
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Figure 5-11. Top: Colorimetric rendered image of Seurat painting for the DLP. Bottom
left: 1/3X magnification of the top image rendered for LCD. Bottom right: Same image
colorimetrically rendered and also adjusted for achromatic contrast.
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5.4.2 Chromatic Contrast Adjustment
The idea was to develop band-pass filters for each hue in such a way that they could
adjust noise images display on LCD to match the corresponding image on the DLP.
Later, the optimized band-pass filters would be applied to corresponding color
separations of a painting image.
The five primary noise patterns, used in chromatic contrast matching, had
different lightness levels. However, a complex test image, such as a portrait, has the same
lightness level for all five color separations. Therefore, lightness of the test image would
be different from the noise images used in the experiments. As an example, the red noise
patterns had lightness of I=0.3986 and the Seurat painting image had a mean lightness of
I=0.4737. So, in the first step it was necessary to predict unadjusted and adjusted noise
images on the LCD and DLP for a lightness level corresponding to a painting image.
Such predictions for the red noise patterns are presented below.
In Figure 5-12, ‘I’ and ‘I1’ denoted the original and required lightness of noise
patterns, respectively, which for this example were 0.3986 and 0.4737. The maximum
chroma of the noise image, R, was adjusted by observers to a value of R at the original
lightness of 0.3986. Assuming a linear relationship, one can calculate the maximum










The original and adjusted red noise images at lightness level of I=0.3986 had chroma in
the range of [0, R] and [0, R], respectively. These images were linearly scaled, using
Equation (3-13), to the range of [0, R1] and [0, R1], which were the corresponding noise
images for a lightness of I1=0.4737. If it was required to predict noise images for a








where R2, and R2 were unadjusted and adjusted predicted maximum chroma of the red
noise images for a required lightness of I2.
The Renoir, Seurat, Picasso, Rembrandt, and Rousseau painting images had
lightness values of 0.4709, 04737, 0.5954, 0.1922, and 0.2483, respectively. Predicted
unadjusted and adjusted noise images were computed for the lightness of the selected five
painting. Please note that the adjusted and unadjusted images corresponded to the LCD
and DLP displays, respectively. Movshon filters, the same filters used for the achromatic
images, were used to filter images on the LCD to match images on the DLP. For a
magnification factor and lightness level, a set of filter parameters were optimized for each
hue. In this way, fifteen sets of parameters (15=5 paintings’ lightness  3 magnification
























Figure 5-12. Unadjusted and adjusted noise images at lightness level ‘I1’ and ‘I2’ were
predicted from the original and adjusted noise images at a lightness level of ‘I’.
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The parameter optimization flowchart for chromatic noise patterns was the same
as the achromatic noise images, shown in Figure 5-12. The predicted noise images for the
adjusted images on the DLP, the larger, and LCD, the smaller images, are called as the
DLP and LCD images in the rest of this section. The same optimization process,
described in Section 5.4.1, was performed for each hue using the low, medium, and high
frequency noise images at mean lightness levels of the five selected painting images.
Optimized parameters for the three magnification factors of 1/3X, 1/2X, and 1X for the
five selected painting images are listed in Table 5-3. As an example, the filter responses





















Figure 5-13. Optimized chromatic filters for Seurat painting image for a 1/3X
magnification factor.
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Table 5-3. Optimized parameters for the chromatic filters at five hues for the five selected
paintings at three magnification factors of 1/3x, 1/2X, and 1X.
1/3X 1/2X 1X
A b c a b c a b c
Red 118.9 0.000 0.013 116.0 0.000 0.006 116.7 0.001 0.000
Green 94.8 0.000 0.002 100.0 0.004 0.000 100.0 0.003 0.000
Blue 98.5 0.002 0.000 104.3 0.003 0.000 111.4 0.005 0.000





Magenta 116.3 0.001 0.011 123.9 0.002 0.000 130.0 0.002 0.000
Red 118.9 0.000 0.013 116.0 0.000 0.006 116.7 0.001 0.000
Green 94.8 0.000 0.003 100.0 0.004 0.000 100.0 0.003 0.000
Blue 98.5 0.002 0.000 104.3 0.003 0.000 111.4 0.005 0.000




Magenta 116.3 0.001 0.011 123.9 0.002 0.000 130.0 0.002 0.000
Red 118.9 0.000 0.013 116.0 0.000 0.006 116.7 0.001 0.000
Green 94.8 0.000 0.003 100.0 0.004 0.000 100.0 0.003 0.000
Blue 98.5 0.002 0.000 104.3 0.003 0.000 111.4 0.005 0.000





Magenta 116.3 0.001 0.011 123.9 0.002 0.000 130.0 0.002 0.000
Red 118.8 0.000 0.013 116.0 0.000 0.006 116.7 0.001 0.000
Green 94.8 0.000 0.003 100.0 0.004 0.000 100.0 0.003 0.000
Blue 98.5 0.002 0.000 100.0 0.002 0.000 111.4 0.005 0.000








Magenta 116.3 0.001 0.011 123.9 0.002 0.000 100.0 0.001 0.039
Red 118.9 0.000 0.013 116.0 0.000 0.006 116.7 0.001 0.000
Green 100.0 0.006 0.028 100.0 0.004 0.000 100.0 0.003 0.000
Blue 98.5 0.002 0.000 104.3 0.003 0.000 111.4 0.005 0.000








Magenta 116.3 0.001 0.011 123.9 0.002 0.000 130.0 0.002 0.000
As shown in Figure 5-13 low frequency components were attenuated and high
frequency components were slightly amplified. The amount of attenuation and
227
amplification was dependent on the hue of the noise patterns. However, this was
consistent with the expectation of a band-pass characteristic seen in the chromatic
contrast matching experiments.
The image of Seurat painting rendered colorimetrically for LCD and DLP display
and the adjusted image, using the filter shown in Figure 5-13, is presented in Figure 5-14.
All five painting images for the 1/3X, 1/2X, and 1X magnification factors were rendered
for the LCD display and saved. The rendered images were used in a paired-comparison
experiment, to be described in Section 5.5.
Three algorithms of adjustment of the mean lightness, lightness contrast, and
chromatic contrast were described in this chapter. In addition to the three main correction
methods, one could apply any combinations of the two or three methods together. In this
way, there would be seven color reproduction correction methods available for
compensation of image size effect. Abbreviations used for the three correction methods
and their combinations, which have been used in the rest of this chapter are listed in
Table 5-4.
As examples, the Seurat painting image processed using the combined methods
and rendered for the LCD display for a magnification factor of 1/3X are presented in
Figures 5-15 to 5-18. A colorimetrically rendered image for the LCD and DLP displays
are also presented in each figure.
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Figure 5-14. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for chromatic contrast.
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Table 5-4. Eight methods of image rendering used in preparation of painting images and
corresponding abbreviations.
No Symbol Model
1 A Adjustment of mean lightness.
2 B Correction of lightness contrast.
3 C Adjustment of chromatic contrast.
4 AB Compensating for mean lightness and lightness contrast.
5 AC Adjustment of chromatic contrast and mean lightness.
6 BC Correction of chromatic contrast and lightness contrast.
7 ABC Adjustment of chromatic and lightness contrast followed by mean
lightness adjustment.
8 COL No adjustment; just colorimetric rendering of a painting image.
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Figure 5-15. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for the mean lightness and achromatic contrast.
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Figure 5-16. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for the mean lightness and chromatic contrast.
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Figure 5-17. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for achromatic and chromatic contrast.
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Figure 5-18. Top: Colorimetric rendered image of Seurat painting for the LCD. Bottom
left: 1/3X magnification of the top image. Bottom right: Same image colorimetrically
rendered and also adjusted for the mean lightness, chromatic and chromatic contrast.
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5.5 Model Evaluation
In order to evaluate performance of the color correction methods, described in the
previous sections, a series of psychophysical experiments were conducted using the
paired-comparison method. As described in Table 5-4, eight methods were developed for
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, were displayed on the LCD and compared to a colorimetric
reproduction of the same painting projected on the screen. Images on the screen and LCD
were called as the reference and test images, respectively, in the rest of this chapter.
The experimental setup was the same as contrast matching experiments described
in chapter 3 and 4. Paired-comparison experiments were conducted in the dark
environment using the same calibrated LCD and DLP displays utilized in the contrast
matching experiments.
The test images were rendered for three magnification factors of 1/3X, 1/2X, and
1X in comparison to the reference images. Images on the screen had a resolution of (701
x 701) pixels and subtend approximately 30 degrees of visual angle. For the 1/3X, 1/2X
magnification the LCD images had resolutions of (701 x 701) and (1401 x 1401) pixels
and subtended 10 and 15 degree of visual angle, respectively. Images on the LCD and
DLP screen should subtend the same visual angle for the 1X magnification. But it was
not possible to accommodate two images, each subtending 30 degrees of visual angle, on
the LCD simultaneously. Hence, images on the LCD and screen were reduced in size to
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subtend a smaller visual angle. In this way, images on the screen were rendered for a
visual angle of 20 degrees with a resolution of (571x 571) while the LCD images had a
resolution of (1891x 1891) pixels corresponding to 20 degrees of visual angle. Table 5-5
summarizes specifications of images on the LCD and screen for the three magnification
factors.
Table 5-5. Summary of subtending visual angles and resolutions for reference and test












1/3 X 10 30 701x701 701x701
1/2 X 15 30 701x701 1401x1401
1 X 20 20 571x571 1891x1891
5.5.1 Visual Experiment
Seventeen, sixteen, and fifteen observers participated in three paired-comparison
experiments for the magnification factors of 1/3X, 1/2X, and 1X. Observers were RIT
student and staff with varying color experience and cultural background. As explained in
the previous sections, five artwork images were rendered using eight methods. A total of
140 pairs, 28 pairs per painting  5 paintings= 140, were presented to observers for each
magnification factor. Observers were asked to select one image from each pair on the
LCD that was the most accurate reproduction of the image displayed on the screen.
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Observers were asked to ignore artifacts caused by aliasing. Pairs were presented to
observers in a random order and an adapting noise pattern was shown between pairs. The
background and surround of the images on the screen and LCD display were set to a
black color. The LCD and DLP screen were positioned at a 180° angle from one another
as shown in Figure 5-19. Observers were standing about 50 cm away from the LCD
display and 200 cm from the screen.
Figure 5-19. Arrangement of scene and equipment in the paired-comparison experiment,
observers could not see both the LCD and screen at the same time and the paired-
comparisons were based on short-term memory matching.
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5.5.2 Results and discussions
Observers’ responses were saved as proper data files. All data were pooled together and
the proportional number of times that a rendering method was chosen versus the other
methods was recorded. Thurston’s Law of Comparative Judgments, Case V, was used to
calculate the interval scales from the proportionality data [Engeldrum 2000]. A 95%
confidence limit was also calculated for each rendering method [Montag 2004]. The
larger the interval scale value, the better performance of the method in image
reproduction.
Abbreviations listed in Table 5-4 were used to address rendering methods in the
rest of this chapter. Two methods with non-overlapping confidence interval values were
interpreted as statistically different. In other words, observers could distinguish between
images processed based on each method. As described in Section 1.14, the interval scale
is an ordinal scale with equal intervals. There is no meaningful zero point on the interval
scale axis. For better presentation purposes, all interval scales were shifted in such way
that the colorimetric method, denoted by COL, always had a zero interval scale value.The
interval scales and corresponding 95% confidence limits for each method at the three


































































































































































Figure 5-20. Overall results for different color rendering methods for the 1/3X
magnification factor.
The AB method had the largest interval scale for 1/3X magnification factor,
which is shown in Figure 5-20.  The A, AC, and ABC had smaller scale values than the
AB method. The confidence intervals of the A, AC, ABC, and AB methods were
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overlapping with each other. Although the A, AC, and ABC methods had smaller scale
values than AB method, they were not statistically different from each other. The A, AC,
AB, and ABC had better performance than the colorimetric method, denoted by COL;
they were statistically different from the COL method since their confidence intervals
were not overlapping. From the results presented in Figure 5-20, a more accurate image
reproduction of the reference images was made by adjustment of lightness contrast and
mean lightness of test images, for a 1/3X magnification.
The overall results for a magnification factor of 1/2X are presented in Figure
5-21. The AC, BC, and C methods resulted in test images that were indistinguishable to
observers and had the same interval scales with overlapping confidence intervals. These
three methods had relatively larger scale than the COL method. In other words, observers
could tell apart the better quality of appearance-matching of the test images on the LCD
to the reference images on the DLP screen for the AC, BC, and C from the COL method.
The ABC method had better performance than COL processing but not as good as the
three methods of AC, BC, and C, which can be seen in Figure 5-21. The ABC was
distinguishable from COL, AC, BC, and C methods. These results suggest that
simultaneous adjustment of chroma and lightness attribute could make better image
reproduction than traditional colorimetric image rendering for a 1/2X magnification
factor. Except for the lightness contrast adjustment, each method alone also could make





































































































































































































































































































































Figure 5-22. Overall results for different rendering methods for the 1X magnification
factor.
The 1X magnification reproduction, the equal visual angle/image size, was an
interesting case. Although both images on the LCD and DLP subtended the same visual
angles, the collected data from contrast matching experiments, presented in Figures 3-28,
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3-30, and 4-19 to 4-23, showed that the same patterns displayed on the LCD and DLP
displays were perceived to have different appearance. The overall results presented in
Figure 5-22 confirm that most of color reproduction methods developed in this research,
for 1X magnification, had a better or equal performance in comparison to the traditional
colorimetric method, COL. The ABC had the best color reproduction performance and
was statistically different from other methods since its confidence interval was not
overlapping with other methods’ confidence intervals. The AC, BC, and C methods had
the same scale values with overlapping confidence intervals. In the following three
sections paired-comparison results for each magnification factor are discussed separately.
5.5.3 1/3X Magnification
Interval scales for the Seurat painting, rendered for 1/3X magnification factor, are shown
in Figure 5-23. The two rendered images, AB and ABC, had higher interval scale values
than the colorimetrically rendered image of the painting. Simultaneous modification of all
three attributes of mean lightness, lightness contrast, and chromatic contrast, ABC, had
slightly lower scale value than AB method. The confidence intervals for AB and ABC
were overlapping and they were not statistically different.  However the confidence
interval of the colorimetrically rendered image did not overlap with intervals of AB and
ABC. Observers could see the difference between COL and AB and ABC images and









































































































































Figure 5-23. Interval scale values for different color rendering methods for the 1/3X
magnification factor.
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Paired-comparison results for Renoir painting is presented in Figure 5-23. The AB
method had higher interval scale value than the other rendering methods; the AB method
had a better image reproduction quality than other methods. The confidence intervals of
COL and AB methods were not overlapping and observers could distinguish the quality
of color reproduction; they were statistically different. Although B, BC, A, and ABC
methods had higher interval scale values than COL, they were not statistically different;
they had overlapping confidence intervals.
Figure 5-23 shows interval scales for the Picasso painting images. As shown in
Figure 5-23, simultaneous correction for chromatic contrast, lightness contrast, and mean
lightness of a test image, the ABC method, generated the best image reproduction of the
reference image and had the highest interval scale value. The AC also could result in an
image with about the same color reproduction quality as of ABC. Please note that
confidence intervals corresponding to ABC and AC methods were overlapping. These
two methods of image rendering had significantly higher interval values than colorimetric
image rendering method. Furthermore interval scale values for A and C methods were
also higher than the COL method. In other words, correction of mean lightness or
chromatic contrast could also result in better color reproductions than the traditional
colorimetric method.
Colorimetric image rendering of Rembrandt and Rousseau paintings had about the
same or better interval scale values than other rendering methods as shown in Figure
5-23. It can be seen that the interval scale values for the B, A, and AB were slightly lower
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than the COL method. However the corresponding confidence intervals for B, A, AB,
and COL were overlapping which implies that observers could not tell them apart and
were perceived to have the same image reproduction quality. As discussed in Chapter 3,
the change of mean luminance was not very significant at the low luminance level for all
frequency bands. Both Rembrandt and Rousseau images were relatively dark with mean
lightness values of 26.4 and 16.3, respectively. So, the same interval scales for the mean
lightness adjustment and colorimetric image rendering was expected. As shown in panels
3-28-D, 3-28-E, and 3-28-F, for images that initially had high contrast, the change in
contrast before and after adjustments was not very significant. In other words, contrast
constancy held for high contrast samples. The Rembrandt and Rousseau images were
relatively high contrast images. So it was not surprising that neither B nor AB method
could perform better than colorimetric rendering method.
Modification of chromatic contrast reduced the reproduction quality for
Rembrandt and Rousseau and hence the interval scales for the C, AC, BC, and ABC
images were lower than the other methods. Those images were not statistically different
from each other since they had overlapping confidence intervals. All chromatic noise
patterns used in the contrast matching experiments, except blue patterns, had lightness
values higher than 40. However, the Rembrandt and Rousseau had mean lightness values
of 26.4 and 16.3, respectively. The chromatic contrast filters corresponding to these two
painting were optimized at lightness levels very different from the lightness of the
original chromatic noise patterns. The linearity assumptions, presumed in Section 5.4.2,
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might not hold for such large differences and the chromatic contrast filters optimized
based on those assumptions would not be perfect. The reduction in reproduction quality
for the C, AC, BC, and ABC might be attributed to this issue.
5.5.4 1X Magnification
Interval scales for 1X magnification for Seurat, Renoir, and Picasso paintings are shown
in Figure 5-24. As can be seen, all the rendering methods had a higher interval scales than
the colorimetric rendering method for the Seurat, Renoir, and Picasso paintings. However
the range of interval scales were very different. Interval scales corresponding to Picasso









































































































































Figure 5-24. Interval scale values for different color rendering methods for the 1X
magnification factor.
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For the Picasso painting, shown in Figure 5-24, interval scales for ABC, BC, and
AC methods were significantly larger than the COL method; observers perceived test
images rendered using ABC, BC, and AC methods as better matches to the reference
image than the colorimetric version for the same visual angle. Interval scales
corresponding to A and B methods were higher than COL; however, the differences were
not significant; observers could not differentiate images rendered based on COL, A, and
B methods for the Picasso painting.
As presented in Figure 5-24, the Seurat painting rendered by the AB, ABC, and A
methods were perceived as better color reproductions than the colorimetrically rendered
image and were statistically different from it. Although, A, BC, AC, C methods had
higher interval scales than COL method, they were not statistically different as shown by
overlapping confidence intervals.
The first seven rendering methods of Table 5-4 had higher interval scale values
than the colorimetric image rendering for 1X magnification factor for the Renoir
painting, shown in Figure 5-24. The small range of interval scales and mostly
overlapping confidence intervals suggest that all images of the Renoir painting appeared
to have the same color reproduction quality and observers could not tell them apart. The
A method has the highest interval scale and an almost non-overlapping confidence limit
with interval of COL method; so one might consider them statistically different.
Interval scale values for Rembrandt and Rousseau painting for 1X magnification
are also presented in Figure 5-24. Similar to Picasso, Seurat, and Renoir paintings, the
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ABC method had interval scale value as high as, if not higher than other methods. So one
could say that observers perceived the test images of Rembrandt and Rousseau paintings
rendered by ABC method as a better image reproduction of the reference images than the
colorimetric method. Furthermore, the non-overlapping confidence intervals of ABC and
COL methods imply that the results of these two methods were statistically different.
Observers were able to distinguish the color reproduction quality of those test images.
5.5.5 1/2X Magnification
Interval scale values for the five paintings, at 1/2X magnification factor, are shown in
Figure 5-25. It was expected that scale values for 1/2X magnification would be located
somewhere between interval scales of 1X and 1/3X magnification factors. As shown in
Figure 5-23 and 5-24, for the Renoir painting, both 1X and 1/3X magnification had small
interval scales. Furthermore most of the confidence intervals were overlapping. Therefore
small interval scales with overlapping confidence intervals were expected for a 1/2X










































































































































Figure 5-25. Interval scale values for different color rendering methods for the 1/2X
magnification factor.
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For the Picasso painting, if a method had scales at 1X and 1/3X significantly
higher than interval scale of COL then corresponding scale for the 1/2X was also higher
than scale of COL method for 1/2X magnification. This was true for most of rendering
methods used for other paintings. However there were a few exceptions, such as AB
method used in rendering of the Seurat painting image. Although, for 1X and 1/3X
magnification, as shown in Figure 5-23 and 5-24, observers selected the AB method
rather than COL the rendered images by AB and COL methods were not distinguishable
for the 1/2X magnification, as presented in 5-25.
5.6 Conclusions
Seven algorithms accounting for the effect of image size on image appearance as well as
a traditional colorimetric image rendering were designed and implemented. Contrast
correction algorithms were based on filtering images in the frequency domain and
simplicity was an important issue in the design of the filters. Filter parameters were
optimized based on achromatic and chromatic noise patterns. Furthermore a method for
adjustment of the mean lightness was developed.
Paired-comparison experiments were conducted to evaluate performance of each
algorithm using rendered images of five selected painting. The implemented algorithms
proved successful in compensating for the effect of image size on image appearance.
There was enough difference between interval scale values of the traditional colorimetric
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image rendering and the suggested rendering algorithms in this research; the confidence
intervals were relatively small and indicating that observers could differentiate color
reproduction quality for different methods. In other words, the experimental paradigm
had enough accuracy in testing the different processing methods.
The overall results for the three magnification factors of 1/3X, 1/2X, and 1X
confirmed that the suggested algorithms could reproduce a reference image with better or
equal image reproduction quality than traditional colorimetric image rendering. No single
rendering algorithm was performing consistently well for all painting and magnification
factors; some image dependency was observed.
The image dependency was related to the mean lightness and contrast of the test
images. As discussed in Chapter 3, the change of mean luminance was not very
significant at the low luminance level for all frequency bands. Hence, the performance of
the mean lightness adjustment was the same as the colorimetric rendering method for the
dark images. The contrast constancy held in contrast matching experiments for high
contrast noise images, as described in Chapter 3. For the painting images that initially had
high contrast, the lightness contrast method could not perform better than colorimetric
rendering method. Most of the chromatic noise patterns used in the contrast matching
experiments had lightness values higher than 40. For the relatively dark images such as
Rembrandt and Rousseau, the chromatic contrast adjustment had the same or lower
interval scale values than the colorimetric method for 1/3X magnification factor.
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The combined adjustment of mean lightness and lightness contrast had the best
performance among the tested algorithms for a 1/3X magnification factor. This
emphasized on the importance of the effect of image size on the lightness attributes of an
image.
It was shown in Chapter 3 and 4 that patterns displayed on the LCD and DLP,
subtending the same visual angle, were perceived to have different appearance. The
simultaneous correction for mean lightness, achromatic and chromatic contrast suggested
in this research could achieve better color reproduction quality than colorimetric image
rendering for the 1X magnification. Except for few cases, interval scales for the 1/2X
magnification factor were laying in the range of results obtained for the 1/3X and 1X
magnification factors.
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6 SUMMARY AND CONCLUSIONS
The main focus of this research was an investigation of the effect of image size on color
perception of rendered images. This research had several goals. The first goal was to
develop an experimental paradigm for studying the effect of image size on color
appearance. The second goal was to identify the most affected image attributes caused by
changes in image size. The final goal was to design and evaluate algorithms to
compensate for the image size effect.
To achieve the first goal an exploratory experiment using a colorimetrically
characterized digital projector and LCD was performed. The projector and LCD are light
emitting devices and in this sense are similar soft-copy media. The physical sizes of the
reproduced images on the LCD and projector screen could be very different.
Additionally, one could benefit from the flexibility of soft-copy reproduction devices
such as real-time image rendering, which was essential for adjustment experiments.
Both displays had good colorimetric characterization accuracy as shown in Table
6-1 and 6-2.
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Table 6-1. Summary of colorimetric characterization results for LCD display for the
1931 standard observer.
Mean E00 Max E00 90th percentile E00
All Samples 0.9 2.4 1.6
Primary ramps 0.4 0.8 0.6
Table 6-2. Summary of characterization results for DLP projector for the 1931 standard
observer.
Display Mean E00 Max E00 90th percentile E00
Plus Data Projector U4-232 1.0 8.4 1.6
 The experimental approach proved successful in evaluating the effect of image
size on color appearance. Furthermore, it was identified that lightness of an image was
affected by the changes in image size. The observers found that colorimetrically
matching images of different size could be made to more closely match in appearance by
manipulation of the lightness. Interval scales for different images used in the exploratory
experiment are shown in Figure 6-1. So a matching experiment using relatively simple
stimuli, achromatic Gabor patterns, was performed to investigate the effect of image size
on the mean luminance and achromatic contrast of the images.
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In contrast matching experiment using Gabor patterns, the contrasts of the larger
images on the projector screen were boosted while their mean luminance values were
decreased relative to the smaller images on the LCD. For high contrast images this
increase in contrast was insignificant (contrast constancy.) Compared to the mean
luminance level of the LCD images, a reduction of the mean luminance level of the
adjusted images was observed. This decrease was more pronounced for smaller images.
In building a model accounting for the effect of image size on the image
appearance, a systematic way of collecting data and incorporating them into a proper
image model is needed. A series of contrast matching experiments were conducted using
achromatic and chromatic band-pass noise patterns, where one could study the effect of
variation in visual angle (size) on the different frequency bands.
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-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Image #1, Just colorimetric rendering
Image #2, Lightness Sigmoidal rescaling, 
L*=40,   σ=30, followed by colorimetric 
rendering
Image #3, Lightness Sigmoidal 
rescaling, L*=40,   σ=50, followed 
by colorimetric rendering
Image #4, Lightness linear scaling with 
minimum  L*=10 then followed by 
colorimetric rendering
Image #5, Lightness linear scaling with
minimum L*=15 then followed by
colorimetric rendering
Image #6, Lightness linear scaling with 
minimum  L*=25 then followed by 
colorimetric rendering
Image #7, Power law processing on Y 
then followed by colorimetric rendering
Image #8, Chroma linear scaling with 
minimum C* =1 then followed by 
colorimetric rendering
ab
Image #9, Chroma linear scaling with 
minimum C* =5 then followed by 
colorimetric rendering
ab
Image #10, Photoshop crystallize command 
then followed by colorimetric rendering
Interval Scale
Figure 6-1. Interval scales and corresponding 95% confidence limits based on visual
experiment.
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The method of adjustment utilized in achromatic contrast matching experiment,
discussed in Chapter 3, successfully showed a trend of the increase of contrast in adjusted
images versus the decrease of image size on the LCD display for low frequency band-
pass noise patterns. The contrast matching results for the achromatic noise patterns are
shown in Figure 6-2. Conversely, high frequency, small size images on LCD were
matched with images of low contrast on screen. This decrease in contrast was more
pronounced for images with high mean luminance levels. Contrast constancy was
observed for high contrast images.
Compared to the mean luminance level of the LCD images, a decrease of the
mean luminance level of the adjusted images was observed for all frequency noise
patterns, shown in Figure 6-3. This decrease was more pronounced for smaller images at
low and medium contrast. The change of luminance was not significant at low mean
luminance levels. The results of contrast matching using achromatic noise patterns were







































IHG L*=25 L*=25 L*=25
Figure 6-2. Contrast adjustment of DLP images versus LCD images for 14 observers.
Panels A, D, G correspond to low frequency noise patterns, centered at 0.5 cpd, and
CIEL* values of 75, 50, and 25, respectively. Panels B, E, H correspond to medium
frequency noise patterns. Panels C, F, I correspond to high frequency noise patterns,





























Low Frequency High FrequencyMedium Frequency
High contrast High contrast High contrast
Medium contrast Medium contrast Medium contrast
Low contrast Low contrast Low contrast
Figure 6-3. Luminance adjustment results for DLP images versus LCD images for 14
observers. Panels A, D, G correspond to low frequency noise patterns, centered at 0.5
cpd, and three levels of contrast levels. Panels B, E, H correspond to medium frequency
noise patterns, centered at 2 cpd. Panels C, F, I correspond to high frequency noise
patterns, centered at 8 cpd. Dashed line at each panel shows mean luminance of LCD
images.
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In order to capture the effect of the image size on the chromatic attributes of an
image, isoluminant band-pass noise patterns with varying chroma along a few selected
hues were adjusted on a DLP screen to match corresponding images on an LCD display.
The lightness of a color depends on both its luminance and chromaticity; changes
in chroma of a test pattern are accompanied by perceived changes in their lightness. This
is known as the Helmhotz-Kohlrausch effect. To prevent the unwanted effect of the
lightness variation on the results of chromatic contrast matching a preliminary
experiment was performed to evaluate the magnitude of the Helmhotz-Kohlrausch effect.
Lightness of color patches at five hues with lightness values of 0.75 and 0.25, in IPT
space, were adjusted in comparison to gray patches with the same lightness. All color
patches were adjusted to darker or equal lightness in comparison to the corresponding
gray patches. The more chromatic a color was, the more the reduction in lightness that
was required to match perceived lightness. Proper lightness adjustments were applied to
five sets of chromatic noise patterns. Pixels in each noise image were perceived to have
the same lightness with variable chroma along an initial hue line.
Corrected noise patterns were used in a chromatic contrast matching experiment,
where chromatic contrast was decreased for smaller images for high frequency noise
patterns for all five hues. An opposite trend of an increase in chromatic contrast versus
visual angle was seen for the low frequency patterns.
These trends were similar to the results of achromatic contrast matching. In both
experiments, the low frequency images with smaller visual angles were perceived to have
262
higher contrast than corresponding larger images displayed on the DLP screen.
Conversely, high frequency image on the LCD were perceived to have lower contrast
than the corresponding larger images on the DLP. It was shown that image size had an
effect on the image appearance that could be modeled by band-pass filters for both
chromatic and achromatic channels. The amount of increase or decrease in perceived
chromatic contrast versus image size was dependent on the hue of the test patterns.
Band-pass filters and collected results from chromatic and achromatic contrast
matching were used to develop color reproduction models accounting for image size
effect. Seven algorithms as well as traditional colorimetric image rendering were
designed and implemented. Contrast correction algorithms were base on filtering images
in the frequency domain. The simplicity was an important issue in the design of the
filters. Seeking for simplicity of the model, simple three-parameter filters originally
described by Movshon and Kiorpes were used. Filter parameters were optimized based
on achromatic and chromatic noise patterns used in contrast matching experiments.
Furthermore a method for adjustment of the mean lightness was developed.
Paired-comparison experiments were conducted to evaluate performance of each
algorithm using rendered images of the five selected painting. Overall results for different
color rendering methods are shown in Figures 6-4 to 6-6. The implemented algorithms
proved successful in compensating for the effect of image size on image appearance.
There was enough difference between interval scale values of the traditional colorimetric
image rendering and the suggested rendering algorithms in this research; the confidence
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intervals were relatively small and indicating that observers could differentiate color
reproduction quality for different methods. In other words, the experimental paradigm







































































































































































































































































































































































































































































































Figure 6-6. Overall results for different rendering methods for the 1X magnification
factor.
The overall results for the three magnification factors of 1/3X, 1/2X, and 1X
confirmed that the suggested algorithms could reproduce a reference image with better or
equal image reproduction quality than traditional colorimetric image rendering. No single
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rendering algorithm was performing consistently well for all painting and magnification
factors; some image dependency was observed. The performance of the image rendering
methods was dependent on the mean lightness and contrast of the test images.
The combined adjustment of mean lightness and lightness contrast had the best
performance among the tested algorithms for a 1/3X magnification factor. This
emphasized the importance of the effect of image size on the lightness attributes of an
image. It was shown in Chapter 3 and 4 that patterns displayed on the LCD and DLP,
subtending the same visual angle, were perceived to have different appearances. The
simultaneous correction for mean lightness and achromatic and chromatic contrast
suggested in this research could achieve better color reproduction quality than
colorimetric image rendering for the 1X magnification. Except for few cases, interval
scales for the 1/2X magnification factor were laying in the range of results obtained for
the 1/3X and 1X magnification factors.
It is possible to perform quick and approximate compensation to adjust for image
size effect using a graphic editing program. As an example, one can save an original
image in CIELAB format and perform a few adjustments on the lightness attribute, CIEL,
in Photoshop software. Although it is an image dependent issue, smaller images are
usually perceived to have more lightness contrast than corresponding larger images.
Furthermore they are perceived darker than a larger reproduction. Therefore it is
recommended to decrease achromatic contrast and increase lightness of the small
reproduction in comparison to the larger original image. This can be applied via
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Brightness/Contrast command of the Photoshop software. Choosing Image >
Adjustments > Brightness/Contrast command one can easily reduce contrast and increase
lightness of a small reproduction of an original image. It is important to note that such
adjustments are qualitative and their performance is limited.
6.1 Scientific Contributions
The scientific contributions of this research are summarized as the following:
• Development of an experimental paradigm for measuring the effect of image size
on color appearance of soft-copy reproductions. Demonstrating the capability of
the experimental paradigm in revealing the change of appearance for a change of
visual angle (size). It was proved that image size affects color appearance
perception and can be compensated by application of proper image rendering
algorithms.
• Identification of the mean of lightness, achromatic and chromatic contrast as the
affected attributes of an image for changes of image size through contrast
matching experiments. Experimental measurement of the extent and trend of
changes for each attribute.
• Design and evaluation of proper algorithms to compensate for the image size
effect. The correction algorithms were tested versus traditional colorimetric image
rendering using a paired-comparison technique. The paired-comparison results
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confirmed superiority of the algorithms over the traditional colorimetric image
rendering for the size effect compensation.
6.2 Directions for Future Study
Optimized chromatic and achromatic filters and the look up tables used for adjustment of
mean lightness were populated based on relatively few experimental measurements.
Filters and look up tables optimized based on a larger experimental data set, for other
contrast, hues, magnification factors, and mean luminance levels, are expected to
generate better color reproduction of a reference image at different sizes.
Furthermore, it is suggested to investigate achromatic and chromatic contrast as
well as mean luminance changes versus changes of image size for hard-copy
reproductions. More efforts are needed to design and evaluate algorithms accounting for
the image size effect for soft-copy versus hard-copy reproductions.
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